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Abstract
A study of the effects of agricultural biocides on T-2 
toxin production by Fusarium sporotrichioides was broadened 
to include other lipid products of this fungus. A detailed 
study of the impact of physical conditions and other aspects 
of the cultivation of the toxigenic mould in liquid shaken 
culture led to the development of an assay protocol 
appropriate for the assay of biocide activity. The protocol, 
which had been optimised with respect to reproducibility, 
incorporated a time-course and two biocide treatments one of 
which is calculated to produce little or no inhibition, the 
other to approximate 50% inhibition.
Fungicides which act against growth and growth related 
activity tend to produce little change in the biomass 
specific yield (BSY) of lipid products. In contrast, 
biocides which inhibit growth through inhibition at specific 
sites in lipid biosynthesis produce patterns of differential 
BSYs, including enhancement, which'vary according to dose, 
fungal development and the agent applied. Of particular note 
is the response elicited by tridemorph which at the ED
50
dose causes a reduction in total lipid and a large 
enhancement in T-2 toxin production. The low dose rate 
produces enhanced growth and strongly inhibits the 
production of toxin. A more detailed investigation of this 
compound led to a testable, if speculative, model of 
interdependant regulation in primary and secondary lipid 
biosynthesis. The activities of five ergosterol biosynthesis
inhibitors (EBIs), of which tridemorph is one, are 
documented and it is suggested that the EBIs, as a group, 
might prove to be useful tools in future studies of 
regulation in lipid bioynthesis. Three herbicides tested 
showed limited inhibition of growth but a marked influence 
on lipid biosynthesis.
Data from a study of toxin production in field barley 
showed the results from liquid culture to be broadly 
predictive.
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Nature does not ask our leave; that we must accept her 
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really aspire to tables and indicies and well, let us say, 
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1. INTRODUCTION: THE BIOLOGY OF MYCOTOXIN PRODUCTION
Mycotoxins are compounds produced by fungi which are 
toxic or deleterious to animals, including man. Taken as a 
group, acute toxicity is only the most obvious form their 
activity can take and which otherwise includes 
teratogenicity (Burns & Dwivedi,1985), carcinogenicity 
(Wogan & Newberne,1967), immune response suppression (Pier & 
McLoughlin,1985), tremorgenicity (Cole,1977), nephropathy 
(Krogh,1974), hepatopathy, and oestrogenic activity 
(Palti,1978 ) . What response a given mycotoxin is capable of 
eliciting, furthermore, depends to a remarkable extent on 
the degree and period of exposure, the animal species and 
the vigour of the individual involved. The multifactorial 
nature of these interactions makes identification of the 
syndrome produced by a mycotoxin a difficult and uncertain 
task (van Rensburg, 1977; Pier et aj^., 1977; Newberne, 1987 ) . 
Additionally, the difficulty and costliness inherent in 
studying chronic exposure has inhibited the development of 
anything but the most rudimentary understanding of this 
phenomenon (Goldberg,1977).
Today mycotoxins are largely associated with food and 
feed contamination by filamentous fungi. Man’s first 
conscious experience with mycotoxins, however, was certain 
to have been through the toxic properties of the higher 
fungi and probably antedates written history. In the middle 
ages, unbeknownst to the unfortunate victims, we have the 
first records of a mycotoxin as a food contaminant and the
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largest mycotoxin outbreaks known (van Rensburg & 
Altenkirk,1974). Referred to at the time as Saint Anthony's 
fire, we now know this toxicosis to be attributable to the 
ergot alkaloids produced by the grass pathogen Claviceps 
purpurea.
In terms of human health perhaps the only other large 
scale mycotoxicoses generally recognised as such are the 
Alimenary Toxic Aleukia (ATA) outbreaks of central Russia 
and cardiac beri-beri in Japan. In the 1940's ATA took 
thousands if not tens of thousands of lives (Joffe,1978) and 
is now attributed to the effects of T-2 toxin produced by 
Fusarium sporotrichioides and poae. Cardiac beri-beri or 
shoshin-kakke was initially thought to be attributable to a 
vitamin deficiency because of its superficial similarity to 
a condition which could be reversed by vitamin B supplement 
but eventually it was possible to attribute the syndrome to 
the neurotoxin citreoviridin produced by Penicillium 
citreo-viride. Once of epidemic proportions in Japan, there 
have been no recent reports of the disease since rice 
inspection has become well established (Uraguci,1971). In 
human epidemiology, that we can attribute with confidence 
only instances in which catastrophic loss of human life has 
taken place is as much a measure of our ignorance and 
neglect of mycotoxins in food as it is a result of the 
practical difficulties the study presents.
The association of the nephrotoxic mycotoxin 
ochratoxin-A (Krogh,1987; Petkova-Bocharova et^  a l .,1988) 
with the well documented syndrome Endemic Balkan Nephropathy 
has been mooted but perhaps not conclusively proven. 
Likewise, Endemic oesophogeal cancer in the Transkei of
south east Africa (Marasas e_t a l ., 1979 ), primary hepatic 
carcinoma in several parts of the world (Krogh, 1984 ), 
Kwashiorkor malnutrition in north east Africa (Hendrickse et 
a l 1982) have all been put forward as having mycotoxin 
aetiologies but not proven. Nevertheless, the potential 
which the filamentous moulds have for producing food borne 
disease is undeniable as Ueno's group found in the late 
1940's and early 1950's when they were charged with 
reviewing the safety of low quality rice which flooded Japan 
after the second world war (Uraguci, 1978). They described 
some seventy mouldy rice toxicoses based on bioassay and 
chemical characterization and remarkably were able to have 
the worst of this commodity consigned to alcohol production 
despite intense political and social pressure on securing a 
sufficient supply of the national staple.
Ironically, livestock problems have often stimulated a 
more complete response than suspected human ones. The danger 
to human health posed by the then unknown toxic contaminant 
of ground nuts was revealed by research stimulated by the 
now famous Turkey - X outbreak of acute aflatoxicosis (eg. 
Sergeant et_ a l ., 1961). Slobbers in cattle is well
established to be due to slaframine produced by Rhizoctonia 
leguminicola (Aust,1974), Facial Eczema in sheep is 
attributable to the sporidesmins produced by Pithomyces 
chartarum (Dodd,1965), perennial Rye Grass Staggers has 
recently been revealed to be caused by the lolitrems 
produced by an endophytic species of Acremonium in 
mutualistic relation with rye grass (Latch,1985), Phomopsis 
leptostromi formis, a Lupin pathogen, produces the
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hepatotoxic compounds referred to as phomopsins which are 
the causative agent of 'lupinosis' prevalent in Australian 
cattle and sheep (Culvenor ejt a l ., 1977 ) and Porcine 
nephropathy caused primarily by ochratoxin A from P . 
viridicatum (Krogh,1974).
One of the features of the occurrence of both 
mycotoxins and mycotoxicoses is the spatial and temporal 
irregularity with which they occur. Toxigenic mould species 
are invariably present in and around abundant potential 
substrate in the form of extensive plant monoculture. 
Fusarium poae ,for example, is readily isolated from British 
cereals (Niles e_t al ., 1984) F. sporotr ichioides and F . 
nivale from Scandanavian and other north European cereals 
(Cassini,1981), F\_ culmorum and F_;_ graminearum from Japanese 
and American Maize (Ichinoe ejt a l . , 1985 ), F . monilif orme and 
F . subglutinans from Italian (Logrieco & Bottalico,1988), 
south west United States maize (Kommedahl & Windels,1981) 
and south east African grains (Rabie e_t al.,1982), 
Aspergillus parasiticus from ground nuts and A_;_ flavus from 
Maize and many other commodities throughout the world 
(Diener et^  a l .,1987). The presence of toxin, on the other 
hand, is a much less consistent property, a fact 
attributable to the large number of factors which influence 
toxigenicity.
'Toxigenicity1 is conceptually difficult as a result of 
this large number of factors. A non-toxigenic isolate is one 
which has so far failed to produce toxin. There are no 
prescribed sets of growth conditions which will universally 
stimulate toxin production, therefore, at present there is 
no way of proving that an isolate is incapable of doing so.
Furthermore, the difference between low and high producing 
toxigens is often not one of intrinsic ability but of 
differential response to a set of growth conditions. The 
intrinsic and extrinsic factors are interrelated in a 
complex way but for the sake of discussion can be addressed 
in three broad categories: genetic factors, environmental
factors and physiological factors.
The category 'genetic factors' is intended to include 
lability of mycotoxin production by a strain, strain 
variation within a species and species variation generally. 
To take the first of these, it is commonly observed that a 
freshly isolated toxigenic mould often apparently loses it's 
ability to produce toxin with subculture (see Bamburg & 
Strong,1969, for example). This suggests, especially in 
anamorphic toxigens, that some essential constituent of the 
genetic basis for production can be cytoplasmically borne. 
Cytoplasmic factors such as those causing senescence and 
death in Aspergillus glaucus (Jinks,1959) and pigment 
production accompanying morphological changes in Nectria 
haematococca (=F . solani) (Daboussi-Bareyre,1980; Daboussi- 
Bareyre & Parisot,1981) have been reported and the presence 
of plasmid DNA in some toxigenic strains of fungi is known 
(Rubridge,1986) but there has been no direct evidence of the 
participation of such factors in the control of 
toxigenicity. Likewise, viral-like-particles are unlikely to 
be generally involved in control as toxigenic strains only 
rarely contain them (Gussak et_ a l . , 1977 ) .
It is probable that a proportion, perhaps the major 
proportion, of the enzymes required for the biosynthesis of
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all mycotoxins are coded for in the chromosomal DNA as is 
the case in Penici11ium urtlcae (Groatwassink & 
Gaucher,1980). Recently, Desjardins’ group has demonstrated 
that in crosses between two strains of Gibbere1la pulicaris 
(=F. sambucinum) which produce intermediate levels of 
diacetoxyscirpenol (DAS) and between high and 'non'- 
producers the distribution of toxigenicity amongst the 
progeny is consistent with non-linked polygenic segregation. 
(Desjardins ej: a l ., 19 87a) . Pigmentation, on the other hand, 
(the pigment was not identified but is almost certainly a 
polyketide derived quinone) segregates as a non-sexlinked 
pair of alleles in this system.
The existence of a net-like biosynthetic system as 
opposed to one of a linear form as shown to be the case with 
patulin (Zamir,1980) might prove to be a general model for 
these products. The time dependent degeneration in the 
ability to produce a mycotoxin and the spectrum of activity 
which results from such a procedure (Duncan & Bu'Lock,1987 , 
Torres et a l .,19 80) is consistent with such a model . Duncan 
and B u 1 lock's data also show a time dependent restoration of 
zearalenone production in non-producing mutants. Work with 
electromagnetic mutagens has shown the progeny to be 
generally still able to produce toxin but at a reduced yield 
(Applegate & Chipley,1974; Leaich & Papa,1974). Although 
increases in yield can also occur, the important thing to 
note is that if any toxin can be produced all the structural 
genes must still be intact and the changes therefore must 
have occurred in the regulatory activity of the biosynthetic 
system. Furthermore, since the loss of toxigenic capacity 
can take place there must be a means of aquisition for the
property to be retained in the population.
During isolation and sub-culture of a wild isolate, 
selection certainly takes place though according to a set of 
pressures wholly different from those in natural conditions 
(Tribe,1987). Is it to be expected, though, that a 
vegetative mycelium raised from a small number of hyphal 
tips or conidiospores contains the genomic variability 
necessary to respond to selective pressure? Hyphomycetes 
would be expected to have a degree of strain variation in a 
population but the physical separation in pure culture would 
eliminate this source. A coenocytic mycelium containing a 
population of non-identical nuclei which tend to segregate 
with branching and tend toward homogeneity with cytoplasmic 
streaming and anastomose formation (Burnett,1975) could 
allow for this and selection of one type of nucleus at the 
expense of another has been demonstrated several times 
(Davis,1966). That heterokaryosis exists and that nuclear 
types can be selected for is beyond doubt but the difficulty 
encountered in producing forced heterokaryons, their rarity 
and instability (Puhalla & Speith,1983,1985; Cullen et 
a l .,1983) contradicts early work (Buxton,1956; Jinks,1952) 
and argues against the participation of heterokaryosis as a 
primary mechanism for transmission of the toxigenic 
character.
The situation regarding phytopathological capacity is 
clearer and may be analagous in some respects. Bouhot (1981) 
and co-workers have shown that alteration in infectivity of 
certain Fusarium oxvsporum formae speciales takes place 
naturally and is accelerated when a mutagen is applied. Such
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mutants are either quasi-stable over extended storage (20- 
30%), retain the parental pathogenicity profile (35-50%) or 
lose pathogenic capacity altogether (20-30%). In the quasi­
stable group unique infectivity patterns arise and disappear 
suggesting that a mechanism controlling the reading of the 
genes has been affected and not the genes themselves.
This also appears to be the case with Bennett's (1982,1986) 
non-toxigenic A^ _ parasiticus mutants 'fan' and 'fluff' which 
if produced from aflatoxin intermediate accumulating 
auxotrophs (mutants which carry a defective structural gene 
but still have the aflatoxin pathway 'turned on') become
intermediate non-producing. If they are then back crossed 
(via the heterokaryon) and haploidized, there is a
proportion of segregents which are wild type intermediate 
accumulating. This suggests that because neither of the 
parental types were intermediate accumulating, that the wild 
type on-control is in combination with the fluff parental 
structural genes which must have been present but unread in 
the fluff mutant.
Precisely this behavior has been noted in plant cell 
culture and has been persuasively ascribed to a system of 
effector elements which, though genomic themselves, seem to 
possess a distinct mobility in the genome and respond to 
'stress' by effectively 'restructuring' the genome 
(Stafford,1986; McClintock,1984). Here too, some clones are 
totally stable while others are characterized by possessing 
the property of instability. Whether strain instability of 
mycotoxin formation can be ascribed to such a mechanism has 
yet to be established but circumstantial evidence suggests 
that regulatory function rather than structural genes
themselves are involved (Bu’Lock ejt a l ., 1986 ) .
The above considerations imply a conceptual problem 
with the idea of a 'strain1. A strain is normally designated 
as such because it was derived from a propagule distinct 
from other propagules of the same species even if the source 
was in common. After this initial physical distinction a 
strain can give rise to others on the basis of a consistant 
difference in performance usually in morphological terms 
including pigment production. Variations in toxigenic 
activity could also distinguish strains if the range of 
variation of the new culture becomes consistently distinct 
from that of the original. A good example of this is 
provided by Smalley's T-2 strain which Bamburg et_ al . (1968) 
used in his early work elucidating the structure of T-2 
toxin. This strain is held in culture collections around the 
world and has aquired a different morphology in each case 
(Marasas et_ a l .,1984) and display different toxigenic 
capacities (Moss & Frank/1988). Evidently, a strain
characterized by variable performance rather than high or 
low activity, for example, occupies a grey area. 
Nevertheless, the 'strain' is an indispensable concept in 
characterizing and understanding the spatial and temporal 
irregularity of mycotoxin occurrence.
Caution must also be exercised in interpreting reports 
of toxin production on the part of a given species. Fusarium 
has been one of the prime examples of this. The strain T-2, 
alluded to above, was originally identified as F. 
tricinctum. It was later referred to poae by Joffe & 
Palti (1975) only to be referred to FV sporotrichioides by
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Marasas et a l .(19 84). F . tricinctum is now thought not to be 
a trichothecene producer. Similarly, F\_ nivale, FN2-B, the 
original nivalenol producing isolate of Ueno (1967) was 
referred to sporotrichioides by Marasas et_ a l . (1984,1985) 
but Ichinoe ejt a l . (1985) has recently argued that it is an
anomalous strain of F\. graminearum. It is now thought likely 
that F_;_ nivale isn’t even a species of Fusarium.
Although the situation in the genus Aspergillus is more 
satisfactory, there is still some confusion in 
distinguishing A^ _ flavus from A^ _ parasiticus and the non- 
toxigenic members of the flavus group-from A^ flavus itself 
(Wicklow,1983; Klich & Pitt,1988 ). Despite these vagaries 
it can be said that there are no species of filamentous 
fungi which are invariably toxigenic and indeed some species 
contain strains which produce mycotoxins quite unrelated to 
those produced by other strains. Zearalenone (ZER), to take 
one example, is produced by some strains of Gibberella zea 
(=F. graminearum), others produce the trichothecene 
deoxynivalenol (DON) and others produce both (Bottalico, et 
al.,19 8 3).
From the first there has been interest in ascertaining 
how common the property of toxigenicity is in a given 
species and if the frequency of toxigenic strains could be 
related to ecological or climatic conditions (Joffe, 1974). 
Despite the practical problems of identification and of 
eliciting toxigenic activity as discussed above, useful 
information bearing on the relationship between the 
occurrence of mycotoxins and of mycotoxigenic moulds is 
available. Bennett (1982) has collated data from thirteen 
large surveys showing a 56% rate of toxigenicity amongst
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3343 isolates of A^ _ flavus and A^ parasiticus from various 
sources and although the proportions vary from 4 of 150 to 
382 of 416 in peanuts and 268 of 284 in rice, no
relationship between substrate and toxigenic strain 
frequency emerges.
In a survey of toxin production from toxigenic taxa 
isolated from dried beans, Mislivec et: al . (1975) report 114 
of 209 to produce detectable levels of their respective 
toxin including an average frequency of toxigenic A^ _ flavus
(15 of 29), 5 ochratoxin producers amongst 60 A^ _ ochraceus
isolates, and 34 sterigmatocystin producers in 35 isolates 
from three other Aspergillus species. Only flavus and A. 
paras iticus are accepted as producing aflatoxin (but see
Schroeder & Verrett,1969) and there is a strong tendency for 
A. parasiticus to be associated with Ground Nuts, be more 
commonly toxigenic and produce both the B and G aflatoxins 
whereas A_^_ flavus is more associated with maize and many 
other commodities and produces only the B aflatoxins (Diener 
et a l ., 1987; Wicklow,1983; Bennett, 1982 ).
Fusar ium toxins have also received considerable 
attention. In a survey of toxigenicity of Fusarium isolates 
from British cereals, Niles e_t a l . (1984 ) found 85% (of 34
isolates) of F_j_ poae, the most commonly isolated species, to 
be toxigenic in bioassays and 56% to produce a
trichothecene. Other species which showed toxigenicity in 
about half or more of the isolates tested included F .
tricinctum (46% of 33 isolates) and F\_ culmorum (65% of 39
isolates). Also in Britain, Hacking ej: a l . (1976) found 25%
of 249 Fusar ium isolates and 35% of 794 isolates from
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British barley from the 1973 and 1974 harvests respectively 
to produce zearalenone (ZER). Within these totals, however, 
F. culmorum showed ZER production in 63% of (431) strains 
but only 7% (of 44) in FV graminearum. In north America ZER 
toxigens appear to be much more common for Eugenio et 
a l .(1970) record 100% of 43 strains of ’F^ roseum1 to 
produce ZER. In Japan we have a more complete picture of the 
distribution of toxigenicity. Ichinoe et_ a l .(1983) have
elucidated a complex pattern wherein toxigenic Gibberella 
zea, if isolated from wheat fields, elaborate nivalenol 
(NIV) and fusarenon-X (FX) but toxigenic isolates from a 
proportion of barley fields yield only DON and 3- 
acetyldeoxynivalenol (3-AcDON) producers and no isolates
produce both NIV and DON. Even more peculiar is their report 
that if the anamorph (F\_ graminearum) is isolated from the 
seed (rather than the teleomorph from stubble) the toxigens 
among them always produce NIV and FX. Such absolute 
correlation between toxigenicity and sexual competence might 
relate to the location of the genes involved in
toxigenicity. ZER production appears to be distributed 
independently and ZER toxigens constituted 34 of 50 isolates 
tested (=68%) which is close to the British figures for F . 
culmorum but not F\_ graminearum.
In the Liseola section, the species of which are
thought not to produce trichothecenes (Marasas et a l .,1984 ) 
but are associated instead with moniliformin (MON) and 
fusarin C production, geographical differences are also 
pronounced. In an early study, Marasas et: a l . (1979 ) reported 
none of 14 F\_ moniliforme tested produced MON whereas 16 of 
23 strains of subglutinans were found to be producers.
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Here moniliforme predominated in grain from the dry sub­
tropical Northern Transvaal, F. subglutinans in the wet 
temperate Eastern Transvaal and the two were mixed in the 
intermediate region. This was in partial agreement with a 
small U.S. survey which reported the absence of MON 
production in 23 isolates of these two species from Maize 
and Pitch Pine (DeLucca et. al.,1982). Likewise, Bottalico et 
al .(1983) found no MON production in 13 Italian F. 
moniliforme isolates but 1 of 3 isolates of F\_ subglutinans 
produced the compound. In the meantime, Rabie et. al .(1982), 
again surveying southern African grain, reported 26 of 36 F . 
moniliforme and 6 of 6 F\_ subglutinans isolates to produce 
MON as well as reporting several other species, most notably 
F. oxvsporum (15/15) and F\_ fusarioides (8/12), to be 
producers. Further work with southern African isolates
appears to confirm that MON production by F\_ moniliforme, 
though common (13/58) is less so than in F\_ subglutinans 
(48/59) (Marasas et a l .,1986).
From the examples given, it is clear that there are 
real geographical differences in the frequency of toxigenic 
capacity between strains of a species as well as a tendency
for a given species to produce certain mycotoxins and not
others. In Fusarium, for example, diacetoxyscirpenol (DAS) 
and T-2 toxin are associated with members of the
Sporotrichiella section (Joffe & Palti,1975) whereas the 8- 
keto— trichothecenes such as NIV and DON are associated with 
the Discolor section. It must be pointed out, however, that 
there are numerous exceptions and species of other sections 
are known to produce both types of toxins. MON and fusarin C
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have been associated with the Liseola section but it is 
clear now that these mycotoxins are widespread in the genus 
(Parber & Sanders,1986; Rabie et a l .,1982). What separates 
the Liseola section in this respect is it’s apparent non­
production of any (sesquiterpene) trichothecene despite the 
fact that they are well known to produce the diterpenoid 
plant hormone gibberellic acid (Marasas et a l .,1984; 
Turner,1986).
We may have to accept that any prospect for
generalities relating particular toxins to taxa, whether
species or sections, is untenable at least as a production/ 
non-production proposition. With greater analytical capacity 
we find Fusarium species are able to produce calonectrin and 
trichothecin (Combrinck et a l .,1988; Greenhalgh et, a l ., 
1986a,1986b) previously thought to be non-Fusarium 
trichothecenes, and a largely overlooked report of T-2
toxin, thought of as produced exclusively by Fusarium, from 
Trichoderma lignorum (Bamburg & Strong,1969).In higher
plant studies the use of patterns of secondary metabolite 
formation in both taxonomic and phylogenetic connections is 
well established (Harborne,1967) but in Fusarium, although 
patterns can be discerned their use seems less advisable 
(Moss,1984). Because exceptions to the overall pattern of 
secondary metabolite production in Fusar ium seem to be the 
rule, such criteria would not be independant of, and 
therefore could not arbitrate between, conflicting 
traditionally based evaluations. This approach has proved to 
be useful in Penicillium, however (Frisvad,1982).
DNA relatedness (Szecsi & Dobrovolszky,1985;Ellis,1988) 
might eventually produce useful results but because the
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mechanism for DNA exchange is so poorly understood in the 
anamorphic taxa, the value of DNA relatedness must be in 
doubt.
Once again, though we can identify a source of 
patchiness in mycotoxin occurrence based, in this case, on 
the association of different taxa with different 
biosynthetic abilities and the taxa’s particular 
geographical and substrate affinities. The correlations are 
loose and provide guidance rather than any comprehensive 
basis for prediction.
If the genetic factors impinging on toxin formation are 
imperfectly known, the environmental aspects are even less 
systematically worked out. The fact that there are at least 
three self-regulating dynamic systems in operation - the 
host, the pathogen, the co-pathogens / saprophytes - in 
addition to physical factors, makes the design of a rigorous 
experiment difficult to imagine. The approach that remains 
is to describe relatively isolated interactive phenomena 
and, based on a detailed knowlege of mould ecology, begin to 
ascertain which amongst the interactive phenomena are 
significant jln. situ. It is not intended to produce an
exhaustive review of this area but rather to map significant
environmental aspects associated with the theme of
toxigenicity in commodities.
To begin with the host, it has previously been noted 
that toxigenic mould species show host preference. The
criteria for selecting agricultural cultivars for widespread 
use includes disease resistance but often toxigens are not 
the primary plant pathogens. On the one hand, growth of the
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toxigen must take place for toxin formation to occur, on the 
other hand, neither growth nor pathogenicity are closely 
related to toxin production (Shannon et^  a l .,1980; Hart et 
a l ., 1983) . At one extreme, Cullen et_ al. (1982) found a good 
correlation, amongst ZER producing maize pathogens, between 
relative ZER production in culture and in maize but the 
highest ZER producers in culture were non-pathogenic and 
produced no ZER (or growth) in Maize. Shannon et a l . (1980),
compared maize cultivars rather than toxigen genotypes and 
showed that maize hybrids tended to support greater toxin 
formation than inbreds. The principle here is clear but the 
basis for the observed differences is not, except when 
infestation is prevented altogether.
Physical damage, which under field conditions can be 
produced by insects, birds or heavy weather, encourages 
infestation (Moss & Frank,1986; Wicklow,1984) and could be 
expected to negate to a large extent host disease 
resistance. Also initial infestation of the pseudostem can 
apparently reduce host resistance for, if the pseudostem is 
artificially infected with Bh. sporotrichioides, secondary 
invasion of the ear by other species occurs (see appendix). 
That this effect is propagated along the transpiration 
stream emphasises the importance of root and stem damage. 
Host vigour, generally, exerts a major influence on the 
success of the fungal pathogen. In trials, drought affected 
plants showed huge infection rates (50-80%) whereas adjacent 
irrigated plants showed no infection. Competitive stress 
through crowding or weed development and nutritional stress 
have also been shown to increase field infection rates 
(Diener et_ a l .,1987) and presumably stress due to salinity,
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acidity, herbicide action (see appendix, simazine field 
trials) and herbivory could affect infection and thereby 
toxin production.
Infection by a toxigenic mould can become part of the 
host plant's defences as with Lolium perenne and the 
endophyte Acremonium (Mortimer & di Menna,1985). Baccharis 
shows remarkable accomodation to the phytotoxic macrocyclic 
trichothecenes which it apparently takes up from the 
rhizosphere and retains in its leaves to accomplish the 
same end (Jarvis et_ a l ., 1981) .
High inoculum load aids infection and is largely 
dependent on the mechanism of perination. Mould life cycles 
in nature are poorly known but Wicklow et_ a l . (1984) has
demonstrated the importance of the sclerotium in two 
toxigenic moulds: A^ _ flavus and Eupenicillium
ochrosalmoneum. The NRRL 3299 strain of sporotrichioides 
evidently lacks such a reliable mechanism at least in 
southern England as it could not be recovered from an 
artificially inoculated winter barley plot the following 
season (see the appendix).
The host response to infection includes the stimulation 
of phenolic and terpenoid production (Kahl,1979). Many of 
these compounds, particularly the phenylpropanoids and 
quinones, are biologically active and very probably affect 
toxin production if only through growth inhibition. 
Caffeine, for example, has been reported to reduce both 
growth and aflatoxin production by A^ flavus (Buchanan & 
Fletcher,1978) . Wilson et a l . (1983) in surveying volatile 
components in maize oil, found that B-ionone produced an 85%
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reduction in aflatoxin yield while only reducing growth by 
45% at 250ppm and slightly enhancing yield (by 18%) at 
50ppm. Several alcohols and enols had no effect while 
several others showed strong inhibition of mould growth at 
concentrations less than lOOppm. Synergism between anti- 
fungal metabolites, as one might expect, can also take place 
as Nandi (1977) has described in several species of both 
field and storage fungi.
Aside from overt response to infection, crops
differentially support toxin production according to
(usually unknown) constitutive properties. Gamma sterilized
germeable maize, for example, doesn't support ochratoxin A
production by P_;_ viridicatum whereas rice does and the
reverse is the case for aflatoxin and ZER production by A.
flavus and F_._ graminearum (Cuero et; a l ., 1987 ) . Cheese also
turns out to be a poor substrate for mycophenolic acid
production by P_j_ roguefortii (Engel et a l ., 1982) as has
honey for aflatoxin production even when diluted ten-fold to
support good mould growth (Wellford et a l .,1978). A good
example of a specific but indirect inhibition of aflatoxin
formation by the constitutive properties of a commodity was
revealed by Gupta and Venkitasubramanian (1975) who
suggested that phytic acid, abundant in soybeans, and which
sequesters zinc which is a requirement for aflatoxin
,n
biosynthesis, is respasibile for preventing toxin 
biosynthesis in unautoclaved soybeans. Zinc addition or heat 
destruction of the phytic acid restored aflatoxin 
production.
Chemical modification of fungal metabolites by the host 
will also alter the apparent production of a mycotoxin
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because analysis for a compound will miss the altered 
compound. Glycosylation of alcoholic, phenolic or carboxylic 
hydroxyl groups, for example, might be predicted to occur 
based on the higher plants1 capacity to mediate this type of 
reaction. Deacetylation has been demonstrated in maize where 
the plant converts 15-acetyl DON to DON (Miller et_ al♦,1983) 
and plant mediated hydroxylation at C-8 of the trichothecene 
ring system and epimerization on the macrocyclic side chain 
has been demonstrated in Bacchar is (Jarvis et. a l ., 1981) .
The distribution of fungal metabolites in plant tissue 
is not uniform (see appendix; Miller et. al .,19 83) which 
suggests they can be subject to translocation, a precedent 
set by systemic pesticides. There is some evidence for 
translocation in plants other than Bacchar is (Jarvis et 
a l .,1981) but the proof is confused by the possibility of 
production away from the main infestation site (Sutton et 
a l .,1976; Young & Miller,1985). The issue of metabolites 
being sequestered in an organic matrix, and rendered 
unavailable to standard extraction methods, is virtually 
untouched although the analogous phenomenon is known to 
occur with pesticides. None of these changes, it is 
important to note, are necessarily detoxification steps but 
rather they would obscure the extent of toxigenesis from the 
point of view of analysis.
In turning now to microbial interaction, it should be 
understood that the possibilities for microbial interaction 
in the crop are related to the nature of the host. A 
corollary of the point alluded to above, that a toxigen 
will be more common in one crop, less so in another, is that
the host preselects to some extent the make-up of the 
attendant microflora sometimes referred to as the unit 
community or the guild of species (Wildman,1987). Host 
mediated microbial interactions include the reduction of 
host vigour thereby inducing susceptibility and it's 
opposite, the induction of antimicrobial chemical responses, 
were discussed above. The stimulation of ethylene production 
in response to pathogenic attack (Yang & Pratt,1978) leads 
to plant organ senescence and thereby conversion from co­
pathogen to saprophyte and an implicit change in the unit 
community. This process also occurs as the crop ripens, of 
course.
Perhaps the most subtle type of interaction is between 
species or between strains of a species as they colonize the 
same substrate. The relation they bear is not necessarily 
competitive; an ecosystem's carrying capacity (K) in terms 
of energy flow and stability is maximised by mutualism and 
diversity rather than competition and monoculture. That a 
complex array of distinct strains, isolated by 
incompatability mechanisms, exist in a single species, often 
sharing the same nutrient pool has been demonstrated in the 
higher fungi (Boddy & Rayner, 1982; Coates & Rayner,1985). 
Inter-strain synergy in the special case of fungicide 
resistance has been demonstrated in Penicillium digitatum 
(Wild & Eckert,1982) indicating, perhaps, the sense in 
natural selection terms of maintaining high intra-specific 
genetic diversity i.e. genetic load (Wilson & Bossert,1971).
Different species, as they simultaneously colonise a 
substrate also produce a patchy distribution (eg. Griffith & 
Boddy,1988) rather than intermingled growth . Rayner and
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Boddy (1988), in a recent review, emphasise the importance 
of the physical distribution of species as opposed to a 
purely floristic treatment in order to fully understand 
community dynamics. Soil hyphomycetes conform to the 'island 
biogeographical' model which provides that there is a 
constant relationship between substrate area or volume and 
number of species but that the speciation of the community 
changes through a process of extinctions and re­
colonisations. The mechanism for this is not known but 
competitive exclusion is not that mechanism (Wildman,1987). 
The interface between two 'islands' is the primary site of 
interaction but rapid communication through the coenocytic 
hyphomycete mycelium of genetic information (Daboussi- 
Bareyre, 1980) and nutritional factors (Cullen e_t a l . # 1983 ) 
suggests that the stimulus/response system is not limited to 
the interaction site.
Antibiotic activity of secondary metabolites is well 
documented but it is not known to what extent it plays a 
role in exclusion or even in some of the more robust 
antagonistic interactions that are known (Wicklow et 
a l .,1980; Magan & Lacy,1983; Roulston & Lane 1988 and Hornok 
& Walcz,1983 with Cole et al..1981).
It is perhaps not surprising that it has proved 
extremely difficult to produce an experimental system to 
study the influence of the microbial community on toxin 
production artificially. In field studies using artificial 
inoculation, a toxigen monoculture arises (see 
appendix; Miller et a l .,1983) restricting interactions to 
host/toxigen. Even so, only the early time-course of toxin
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production is related to fungal growth which ceases long 
before either substrate or moisture become limiting and is 
followed by the gradual disappearance of toxin (Miller et 
a l ., 1983. In one study of naturally contaminated maize, the 
samples with the greatest frequency of infestation by 
Penicillium (the principal contaminant in the cited study) 
also had highest levels of other field moulds (Jimenez et 
a l .,1985) and this is not exceptional.
Studies of interactions in stored commodities face
similar problems in experimental design particularly in 
devising a means of sterilizing the commodity without 
altering it's properties unduly and in judging a realistic 
inoculum level. Nevertheless, such studies are valuable in 
identifying possible interactive phenomena. Boiler and 
Schroeder (1973,1974) showed that both A^ chevalieri and A. 
candidus strongly inhibited aflatoxin production by A. 
parasiticus on unautoclaved rice even when the toxigen 
showed strong growth and sporulation. In a survey of 
thirteen maize borne isolates Wicklow et a l .(1980) showed 
there to be little correlation between the isolates' 
antagonism index rating (of Johnson & Curl,1972) and their
ability to reduce toxin yield although seven isolates 
inhibited and three isolates marginally enhanced yield. 
Here, A^ _ niger completely prevented aflatoxin accumulation 
whereas a later study using gamma sterilized germinable
maize this species reduced yield by only 50%. Likewise, 
Magan and Lacey (1985) found only occasional correlation
between antagonism index and competitive success co- 
inoculating autoclaved wheat with five species at a time. 
Epicoccum, for example, was very antagonistic on agar but
co-inoculated on wheat became quantitatively insignificant 
under every set of conditions tested.
Microbial chemical interactions also have parallels 
with host activity in that induction, inhibition and 
modification can be demonstrated. Moss and Badii (1982) have 
shown that rubratoxin B produced by P^ _ rubrum can enhance 
aflatoxin yield. Even more dramatic increases in aflatoxin 
production were reported to result from the application of 
T-2 toxin and cerulenin, both epoxide containing fungal 
metabolites (Fabbri et al.,1984; Fanelli et a l .,1983)^
As far as the author is aware, there are no published 
data from systematic surveys of microbial biodeterioration 
of mycotoxins and only one recent attempt to review the 
subject (Anon.,1983). Claridge and Schmitz (1978) comment 
that there were many isolates of bacteria (including 
actinomycetes) and fungi which showed some capacity to 
transform DAS in a screen which they conducted but provide 
no data. Again without figures, Ciegler et_ a l . (1966 )
comment that degradation of aflatoxin B by means other than 
increasing media pH above 8.5 was rare amongst the nearly 
1000 microorganisms which they surveyed.
In comparing DAS metabolism by Streptomyces griseus, 
Mucor mucedo and Acinetobacter, Claridge and Schmitz (1978) 
showed that S.griseus mediated C-15 deacetylation to produce 
the 15-ol; M_;_ mucedo acetylated the 3-ol and that
Acinetobacter mediated only 4-deacetylation. The substrate 
requirements for these reactions were not specific, the 
products were. Ueno et: a l . (1983) report that
Curtobacterium, a soil organism, can utilize trichothecenes
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as sole carbon source and that progressive deacetylation, 
localized in the soluble cell free fraction, to the triol 
(but not the tetraol) precedes the disappearance of any 
epoxide-bearing compound. However, the metabolism of 
exogenous chemicals as co-metabolites, the likely situation 
in nature, is generally by a different mechanism than is 
their utilization as a carbon source (Alexander,1981).
The toxic moulds themselves are capable of modifying 
foreign exogenous mycot.oxins as well. Baldwin et: a 1. 
(1986) found that, if 3AC-D0N (oxygen functions at C-
3.7.8.15) was supplied to a DAS (oxygen functions at C-
3.4.15) producing Fusarium strain, then 8-keto,4-oxy 
derivatives were formed. Yoshizawa and Morooka (1975a,b) had 
failed to detect this reaction using F_^  nivale (FN 2B), a 
fusarenon-X (i.e. 4-acetoxy DON) producer fed with 3AC-D0N. 
Both groups of workers showed the stability of the 8-keto 
and 7-hydroxy groups as well as the lability of the 3- 
acetoxy group. There seems to be no evidence concerning the 
enzymology of the trichothecene transformations but Hamid 
and Smith (1987) have implicated cytochrome P-450 in the 
degradative metabolism of aflatoxin by a toxigenic strain of 
A. flavus. Because this work is based on disappearance of 
toxin and doesn’t describe the products, it isn’t clear 
whether the degradative mechanism was through monooxygenase 
or de-acetylase activity, both of which are known to be 
mediated by cytochrome P-450 (Smith & Davis,1980).
We began with several observations : that toxigenic
mould species are ubiquitous; that there is an abundance of 
potential substrate for exploitation; that there is proof in 
the historical record that large scale acute mycotoxicoses
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can occur. We have tried to examine the factors affecting 
large scale expression of the toxigenic character in order 
to rationalize the implicit contradiction between abundant 
means and meagre results. Climatic conditions, edaphic 
factors and biotic relationships produce a reticulate 
formation of interactions the elucidation of which, in a 
predictive sense, is not presently possible. Factors which 
can lead to attenuation of toxin production include intra­
specific competition with non-toxigenic strains, inter­
specific competitive exclusion, repression of toxin 
formation by other microorganisms, host resistance to 
pathogenic attack, unsuitability of substrate for toxin 
formation, and biodegradation and translocation of toxins. 
We now turn our attention to the producing organism in 
exploring the relationship between growth related 
activities, or primary metabolism, and biosynthesis of 
mycotoxins, an aspect of secondary metabolism.
The influence which the environment exerts on the 
biosynthesis of mycotoxins is interpreted through the 
cellular activities which produce growth and development. It 
is the mechanism by which this interpretation of conditions 
occurs that is secondary metabolic control. A corollary of 
this fact is that the measured external conditions are 
relevant to secondary metabolism only in so far as it 
affects internal regulation. But what exactly is secondary 
metabolism?
The term 'secondary metabolism' was originally applied 
by 19th century botanists to the process of secondary cell 
wall thickening or lignification. The association of the
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term to a process of differentiation which is unified, 
tightly regulated and essential to the plant’s survival is 
deceptive when applied to the fungi, particularly as it is 
often associated with differentiation here as well. Since 
then it has been variously defined with the emphasis 
originally placed on rare and irregular occurrence of a 
compound and latterly on its being non-essential to normal 
growth of the producing organism (Campbell,1984).
It should be emphasized that secondary metabolism has 
not been shown to be a process, per se, rather it is a 
concept which is defined by the products which are ascribed 
to it and by the cellular processes which are observed to 
correlate with it. The products, including mycotoxins, are 
produced from a fairly limited range of precursors: 
mevalonic acid (terpenoids), malonyl-coA (polyketides and 
fatty acid derived compounds), chorismic acid (phenolics) 
and amino acids or Krebs cycle intermediates (alkaloids and 
B-lactams). The occurrence of secondary metabolites can be 
characterized as patchy taxonomically, developmentally and 
with respect to the conditions required to achieve 
express ion.
The apparent contradiction between natural selection
and the energy expensive production of products which are
non-essential if not functionless to the producing organism
has provoked much discussion. Explanations for this
activity have ranged from coincidental: a breakdown in
.Uz&
intracellular compartment^: ion such that substrates are 
acted upon by enzymes which they were never intended to see, 
to ecological competition: an active process of antibiotic
exclusion of competing organisms. Perhaps the most widely
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held view, deriving from the older idea of 'shunt 
metabolism' (Foster,1949), can be referred to as internal 
necessity: that "secondary metabolism...serves to maintain
mechanisms essential to cell multiplication in operative 
order when that cell multiplication is no longer possible" 
(Bu'Lock,1961). The products are inconsequential but their 
synthesis is essential. Although these processes may well be 
a biochemical aspect of morphogenesis (Bennett,1983a), there 
is no imperative to unify the production of the 'uncouthly 
named extractives' (B u 'Lock,1961) under one raison d'etre 
nor under one control scheme. In other words, great care 
must be exercised in elevating an 'example' to the status 
of a 'model'.
That the 'coincidental' mechanism can occur in 
principle is demonstrated by the mycotoxin degradation 
studies alluded to above and by Zamir's work (1980) with 
what she refers to as derailment metabolites. Moulds seem to 
readily accept analogues of intermediates supplied
exogenously implying both low enzyme specificity and a 
relatively low degree of multi-enzyme complexing in these 
pathways.
The ecological competition model as framed above, is 
clearly too narrow (Rayner & Webber,1984); there are many 
mechanisms for natural selection. In particular, group 
selection, 'soft' or density dependent selection, co­
evolution and the adaptive advantage of genetic diversity
(genetic load; see for example Wallace,1970) has been
neglected in evaluating any selective advantage secondary
metabolites might confer.
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Group selection is selection that takes place between 
groups of organisms leading to the maintenance of traits 
favourable to the group but not necessarily to the 
individual species (Odum/1971). A characteristic of 
phytoplankton, for example, is the large proportion of 
photosynthate and nitrogen which they lose to the water 
column (Fogg and Westlake,1955; Saunders,1970; Hellebust, 
1965). This tendency enhances nutrient recycling (C & N) but 
doesn’t help the organism which has to maintain the 
apparatus for fixing carbon (and in some species nitrogen). 
In this example, leakiness of the plasmalemma benefits the 
group both in niche creation which encourages diversity, 
thereby stability, and also maximizes energy flow in the 
ecosystem. Thus it isn’t imperative that every 
characteristic be demonstrably advantageous to the species. 
Mutualistic associations such as that between Lolium perenne 
and Acremonium (Culvenor et^  a l ., 19 77) or Bacchar is and 
Myrothecium (Jarvis ejt a l ., 1981) are more obvious cases 
where the mould's secondary metabolites in culture have no 
value but in the native context confer an unmistakable 
adaptive advantage.
In a similar way variability in an environment which is 
both variable and which offers a great variety of stable 
niches, is adaptive (Bryant,1973). The manifestation of this 
can be seen, de. facto, in the intraspecific exclusion 
mechanisms such as sexual and heterokaryon incompatibility 
which many moulds and higher fungi have developed to ensure 
outbreeding (Rayner et al .,1984). Anderson (1984) speculates 
that this process is leading to the formation of new species 
in Rhizoctonia solani as the natural variation of the
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species is 'sheltered1 by incompatibility groups and that 
within the groups homokaryons are markedly less pathogenic 
than the heterokaryons which they are able to form.
Fairly recently, workers have put new impetus into the 
idea that secondary metabolites are generally useful. 
Although we can set aside Malik's (1980,1982) argument that 
natural selection precludes production of things which are 
useless to the producing organism, Campbell's (1984) 
emphasis on scrutinizing the ecological context has provided 
some tentative explanations for the utility of some 
secondary metabolites. The work of Ichinoe, ejt al. (1983), to 
which we have already alluded, might constitute an 
additional example of a useful (but not essential) secondary 
metabolite in which perithecia formation is stimulated by a 
trichothecene. Campbell also argues that the complexity 
inherent in folding a polyketide, for example, and 
generating the correct molecular arrangement around many 
isomeric centres requires a well evolved enzyme system. He 
speculates that the source of such an enzyme might be the 
mutation of a cyclase involved in primary anabolism.
The 'internal necessity' explanation doesn't lend 
itself to a direct test which, in a hypothesis, is a 
weakness. A more serious weakness might be that the 
conditions which it seeks to explain are more related to 
laboratory practice than to natural circumstances. Firstly, 
in most hyphomycetes the mycelium exploits nutrients locally 
and spores are produced and disseminated rapidly to 'find' 
new exploitable resources. The mycelium is the temporary and 
expendable feature in this scenario, sharing the same
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ecological strategy with fast growing, herbaceous 
angiosperms . Secondly, in field infestation the observation 
is not of exhaustion of substrate but of the cessation of 
growth when both water and nutrients are still plentiful, an 
event not correlated to mycotoxin production (Wicklow et 
a l .,1980). Some mycotoxins are associated with perrenating 
structures as the ergot alkaloids in sclerotia formation in 
Claviceps or the sporidesmins in the spores of Pithomyces 
which may indeed serve a function in perrenation. If so the 
process of production is no longer as important as the 
product.
Whatever proves to be the case, a serious problem is 
raised by these considerations which, although it can't be 
answered, should be raised. To what extent is our 
understanding of secondary metabolism predicated by the 
laboratory methods that we use to study the activity? There 
is no doubt that some secondary metabolites, mycotoxins for 
instance, are produced in nature but to what extent might we 
distort the dynamics of the process by our method of study? 
From an industrial point of view the question bears mainly 
academic interest, however, the widespread use of strains of 
toxigenic mould species and closely related taxa in the food 
industry and especially in novel foods where licensing 
requirements must be satisfied, has generated some interest 
from that quarter in securing a better theoretical basis for 
secondary metabolism (Jarvis,1975; Solomons,1987).
In leaving the more general considerations, I list 
several reviews which, although haven't specifically been 
alluded to, nevertheless form an important part of the 
context of any discussion on secondary metabolism in fungi:
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Smith and Berry (1974); Bull and Trinci (1977); Martin and 
Demain (1978); Bu'lock (1980); Bennett (1983b).
To aid discussion of the processes involved in 
secondary metabolism, two models are proposed. Firstly, 
Figure l.a. represents a simplified scheme of cellular 
metabolic activity relevant to lipid mycotoxins. Secondly, a 
model of the metabolic compartmentalization at the mycelial 
level is proposed (Figure l.b.).
Figure l.a. Interrelation of the major catabolic and 
anabolic pathways of fungal metabolism germane to the 
biosynthesis of lipid mycotoxins.
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The diagram of cellular metabolism (Figure l.a.) is set 
out as though it were treating a cell-free preparation. This 
is, of course, not the case. A good deal is known about the 
sites of primary metabolic activity: most of the
tricarboxylic acid (TCA) cycle enzymes are located in the 
mitochondrial matrix, the cytochromes are bound to the 
mitochondrial membranes, glycolytic enzymes and those of the 
pentose phosphate pathway (PPP) appear to be in the cytosol 
and the three known mechanisms of fatty acid biosynthesis 
have been located at three different sites - the cytosol, 
the outer mitochondrial membrane and the endoplasmic 
reticulum (microsomes). Although there is no comparable 
information on the sites of secondary metabolism, the nature 
of the cell as non-homogeneous and of the mycelium as 
comprising non-equivalent cells implies that sequestration 
of enzymes from substrates could comprise a workable 
regulatory mechanism.
A second point that Figure l.a. brings out is that the
source of carbon for lipid secondary metabolites (acetyl-
coA, erythrose-P and P-enolpyruvate) are intermediates of
catabolic pathways as well as the substrates of the
essential anabolic pathways of amino acid and fatty acid
biosynthesis. This fact requires that, if demand for both 
i$energy and as/imilation is high, i.e. the growth phase, then 
availability for secondary metabolism is slight. But the 
relationship is more subtle than this because the major 
anabolic co-factor, NADPH, arises from mainly one source 
(excepting autotrophs), the PPP. As the diagram suggests, 
there is a conflict between the production of NADPH, which
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diverts carbon from reaching the TCA cycle and therefore 
from NADH and energy production. A balance must be struck, 
then, between carbohydrate being oxidized to reduce NADP or 
passed to acetyl-coA, potentially to be oxidized to reduce 
NAD according to whether carbon or energy (ATP) is required. 
Secondly, a balance must be struck between NADH generation 
by the TCA cycle and the utilization of acetyl-coA (and TCA 
intermediates) for anabolic activity. Lastly a balance must 
be struck between primary anabolic activity and secondary 
metabolite biosynthesis implicitly competing for the same 
substrates, a point which again refers us, if more 
forcefully, to the question of why these metabolites are 
produced.
A corollary of the integration of cellular activity is 
that anything which can affect primary metabolism can affect 
secondary metabolism. Some of these influences can be fairly 
specific, for example, the requirement for NADPH in the 
reduction of nitrate-N, might lead one to expect a reduction 
in secondary metabolite production both because nitrate 
induced stimulation of the PPP (Hankinson & Cove, 1974) 
would restrict acetyl-coA availability and through 
competition for NADPH. Meanwhile, as a mould utilizes 
nitrate it secretes hydroxyl to maintain an internal charge 
balance and the pH increases. In this case where does the 
effect of NADP/NADPH dynamics and PPP/TCA/ANABOLISM stop and 
that of pH start? What is significant here is that in either 
case, the influence of growth conditions are interpreted 
through primary metabolism into a relatively restricted, 
identifiable group of metabolites, but the course of this
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process is cryptic.
A good deal is known about regulation of lipid 
metabolism in mammals. The specialization of activities in 
tissues of higher organisms makes close analogy to microbial 
cells unlikely, nevertheless, the means of regulation at the 
cellular level is instructive. The cytoplasmic mechanism of 
lipid biosynthesis is the most important of the three known 
mechanisms. The rate limiting step here is the carboxylation 
of acetyl-coA to malonyl-coA and this is stimulated by 
citrate and isocitrate (some microorganisms have other means 
of producing malonyl-coA see White et: a l . , 1973 ) . Citrate,
formed in the mitochondrion, is the form in which acetyl-coA 
is transported to the cytoplasm. If the energy charge is 
high, isocitrate dehydrogenase is allosterically inhibited 
(by ATP), citrate accumulates and is transported to the 
cytoplasm. In the cytoplasm citrate lyase generates acetyl- 
coA (and oxaloacetate) from citrate, providing the substrate 
for lipid anabolism (White et_ a l ., 1973 ) . Incorporation of 
citrate and isocitrate into a multi-enzyme complex of 
enhanced activity (acetyl-coA carboxylase), allosteric 
regulation by ATP and AMP (isocitrate dehydrogenase) and 
intracellular compartmentation (of acetyl-coA and acetyl-coA 
carboxylase) represent three ways in which substrate 
availability can produce direct regulation.
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Figure l.b. A speculative model of metabolic 
compartmentation in a differentiated mycelium.
Biomass 'Biomass^ 
actively 
iqrowing,differ-^
entiated
NUTRIENTS 
ETC. ,
metabolites
unlimited' energy 
source 
passive storage
work gate such that
self replicating1
heterotroph
Figure l.b. proposes to model a mycelium as it grows 
and differentiates. The model applies the assumption that 
secondary metabolism takes place only in differentiated 
tissue, so that initially all the biomass is actively 
growing (meristematic tissue, to co-opt a botanical term) 
and there are no secondary metabolites produced. As the 
mycelium develops, the meristematic tissue is restricted to 
the margin where it has access to nutrients and supports the 
differentiating tissue over the now exhausted substrate. 
The differentiated tissue, although less active, will begin
35
to predominate metabolically as the mycelium grows out and, 
as the flows A and D become equal, the model predicts that 
the mycelium will stall as is observed in field infections 
(Wicklow et. a l . , 19 80 ) .
In terms of Borrow's growth phases, A (assimilation) 
predominates in the growth phase while B represents 
expenditure relating to enzyme turnover, DNA replication and 
new biomass generally. As a greater proportion of biomass 
differentiates C begins to compete with B for assimilate 
with D analagous to B but representing the differentiated 
tissue’s cellular processes which might include lipid 
storage, sporulation and secondary metabolite formation. Of 
these three activities, for clarity only the latter is 
distinguished, the others being accounted for in the
respiratory loss, r2. This scenario corresponds to the 
storage phase. The maintenance phase begins when C 
approaches A which will also tend to choke off secondary 
metabolism because F becomes unavailable. The form F takes 
is readily accessible, to wit, acetyl-coA and NADPH; that of 
E, the biosynthetic enzymes. The final point is that the 
compartments here are separated in space and connected by 
cyclosis and mass flow through incomplete septa (Jennings, 
1984) thus another potential layer of regulation is
introduced residing in the control of translocation and
transpiration.
Moss (1984) points out a correlation between 
differentiation and secondary metabolite production and
between the capacity for secondary metabolism and the
mycelial habit in speculating on the basis of relationships 
which appear to be more than coincidence. It might be that
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multicellular development is requisite for any but the 
simplest forms of differentiation to evolve (i.e. bacterial 
spores, yeast ascospores), that the mycelial habit is a 
simple innovation to accomplish this and that secondary 
metabolism is a biochemical manifestation of
differentiation. The essentially linear character of the 
mycelial habit, however, could allow gradients to develop 
along the hyphae. In particular, the gradient in the 
distribution of mitochondria will be accompanied by a redox 
gradient since the mitochondrion is the cellular 'sink' for 
oxygen as it diffuses across the plasmalemma. Gradients of 
this sort could provide reaction conditions favourable to 
reactions which in the meristematic tissue might be 
thermodynamically prohibited.
The trichothecenes are sesquiterpenes cyclysed from 
farnesyl pyrophosphate (FPP) which comprises two molecules 
of isopentanyl pyrophosphate (IPP) and one of its isomer 
dimethylallyl pyrophosphate (DMAPP) (Figure I.e.). These 
reactive 5 carbon isoprene monomers are produced from 
acetyl-coA via mevalonic acid and undergo head to tail 
condensation as, in summary, follows:
3 acetoacetate-coA + 3 acetyl-coA + 6 NADPH + 9 ATP----- >
1 farnesyl-PP + 6 coA + 6 NADP + 9 ADP + 7 P + 3  C02
Acetoacetate and acetyl are distinguished because
acetoacetate arises not only from the thiophorase reaction
running in the anabolic direction (2 acetyl-coA — >
acetoacetyl-coA) but also can arise directly from fatty acid
oxidation. A fall in lipids sometimes accompanies secondary
metabolism and it may be that storage lipid provides
substrate for this activity (Weete & Weber,1980; Lawler &
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Weber, 1980).
Figure I.e. Overview of terpenoid biosynthesis.
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PP = pyrophosphate; IPP = isopentenyl PP; DMAPP = 
dimethylallyl PP; HMG-coA = 3-hydroxy-3-methylglutaryl- 
coA; GPP = geranyl PP; FPP = farnesyl PP; GGPP = 
geranyl-geranyl PP; FFPP = farnesyl-farnesyl PP.
The synthesis of mevalonic acid from 3-hydroxy-3- 
methylglutaryl-coA (HMG-coA), because it is irreversible, 
can be viewed as the next regulatory step and as the first
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committed step to isoprenoid biosynthesis. The mediating 
enzyme, HMG-coA reductase, is in the microsomal fraction and 
shows, in animal systems, product inhibition from 
cholesterol and bile acids.
The chain elongation appears always to be by head to 
tail condensation of whatever subunits are involved, 
mediated by enzymes referred to as prenyl transferases which 
show chain length specificity (Packter,1973; White et 
a l .,1973). The synthetases (cyclases) show, perhaps, less 
specificity since yeast squalene synthetase has been shown 
to also form lycopene when GGPP, rather than FPP, and NADPH 
were provided (Qureshi et. al. , 1973 ). On the other hand,
despite several properties very similar to squalene 
synthetase, kaurene synthetase (mediates GGPP to (-)-kaurene 
in gibberellic acid synthesis) showed no activity with FFPP 
(Fall & West, 1971). The equivalent enzymes in sesquiterpene 
biosynthesis have not been characterized, although a 
trichodiene synthetase from Trichothecium roseum has been 
partially purified (Cane et. a l ., 1985 ) .
Although there is considerable detail available on the
pathway itself, information regarding the regulation, or
even the characteristics of subunit pools is completely
lacking. Several of the synthetases mentioned above are
found in the microsomal fraction while the transferases seem
to be in the cytosol but how the crucial balance between the
reactions: FPP > sesquiterpenes
FPP + FPP----- > squalene
FPP + IPP----- » GGPP,
is struck, for example, is an open question. It’s
interesting to note that although Fusarium, as a genus, is
associated with the production of both di- and
3 9
sesquiterpenes, the species associated with diterpenes (in 
the Liseola section) appear not to produce sesquiterpenes.
As we have noted, the enzymology of the sesquiterpene 
branch is little known but trichodiene is thought to be the 
primary cycliSed product for the trichothecene family of 
compounds (Zamir, 1986). Zamir's group, using Calvin's pulse 
chase method, have produced valuable information on 
intermediates and the sequence of steps in 3-acetyl 
deoxynivalenol biosynthesis by culmorum (Zamir,1986;
Zamir & Devor,1987; Zamir, et. al .,1987). The points of 
particular importance to the present treatment are these: 
FPP is cyclysed from one unique configuration (trans, cis) 
to acquire the trichothecene skeleton (however, see Cane et 
a l .,1985); this configuration does not predestine the FPP to 
become a trichothecene as is demonstrated by sambucinol and 
Corley's e_t a l . (1986) FS-1; there are other possible
folding routines as is apparent with culmorin; the 
substitution pattern is imposed at an early biosynthetic 
stage since Zamir's strain produces no DON although it only 
acetylates a proportion of exogenously applied DON to 3- 
acetyl-DON (Figure l.d.).
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Figure l.d. Some alternatives to trichothecene biosynthesis 
from farnesyl pyrophosphate in Fusarium.
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The oxygen functions of T-2 toxin, including the
epoxide, pyran ring and the O-acyl oxygens have recently
been demonstrated to arise from molecular oxygen (Desjardins 
et a l .,1986) and presumably this is generally true of the 
trichothecenes. This implies a role for cytochrome P-450 
mono- or di-oxygenase activity (Gunsalus & Sligar,1978; 
Black & Coon,1987) in trichothecene biosynthesis.
So, although we are able to characterize the steps in 
the process of terpenoid biosynthesis, many of the details 
of the process are lacking. The means of partitioning
mevalonic acid between its several possible fates, the
nature of the enzymes leading from cis-trans FPP and their
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order of activity and, of course, the source and 
partitioning of acetyl-coA toward its several potential 
fates deserve particular attention.
In 1982 the Canadian government activated a tripartate 
research co-operation agreement, which had been concluded 
between Canada, the U.K. and the U.S.A., in response to that 
year's disastrously (Fusarium) contaminated cereal harvest. 
We were asked by the M.A.F.F. to evaluate the effect of 
biocides on trichothecene production by Fusar ium. We 
perceived in this work an opportunity to extend the inquiry 
to include a more general evaluation of secondary metabolism 
based on its response to agents which act, in some cases, in 
a rather specific way. The idea here was to document changes 
in flux along the interrelated biosynthetic pathways by 
monitoring formation of several products as affected by such 
agents , thereby describing regulatory links between 
elements of the biosynthetic network.
The use of inhibitors and poisons has a long and well 
established history in the biochemistry of respiration but 
this approach has seldom been applied to secondary 
metabolism . The elucidation of sterol biosynthesis has, 
however, been advanced by this approach (Benveniste, 1986) 
while ergosterol biosynthesis inhibitors (EBI) have been 
used to try and elucidate the function of sterols in fungal 
cells (Sisler & Ragsdale,1984). Similarly, morphogenesis has 
been studied with the use of the microtubule inhibiting 
fungicide methyl benzimidazole-2-ylcarbamate (Howard & 
Aist,1980).
Of the problems with this approach, perhaps the most 
serious is that of distinguishing primary effects from
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secondary ones. The relationship of dependence that 
secondary metabolism bears to primary metabolism and the 
lack of enzyme specificity that, doubtless, characterizes 
some enzymes of secondary metabolism would conspire to 
cloud the interpretation. Nevertheless, the broad range of 
biocides available and the large body of work describing 
their disparate modes of action recommend the approach and 
it is hoped that the present studies will prove useful in 
focusing effort on biocides and areas of metabolism which 
are amenable to the biochemical inhibitor approach to 
studying the regulation of secondary metabolism.
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2. METHODOLOGY
2.1 Cultures and Culture Maintenance
Two strains of F\_ sporotrichioides were used in this 
study. TR-2 (=NRRL 3299) was isolated by Smalley in 1964 as 
F. tricinctum sensu Snyder & Hansen. Joffe and Palti 
(1975) later referred the strain to poae. More recently
Marassas e_t a l . (1984) has identified this strain as
F .sporotrichioides and has traced the origin of the second 
strain used here, TR-1(=ATCC 24631), to the same source. The 
two are morphologically distinct but conform to the 
description of f\_ sporotrichioides in all respects 
particularly in having both pyriform and ovate microconidia 
produced from polyphiallides. It should be noted that the 
polyphiallides and the macroconidia are very difficult to 
demonstrate except on carnation leaf agar (CLA) and this 
might be the source of confusion in treating this difficult 
section of the genus.
For long term storage, sterile soil comprising 
humus:clay: sand (1 :1 :1 ) was inoculated with a spore
suspension made up from a plate culture grown from a single 
spore. Except for re-isolation from the soil cultures, only 
single-spore inocula were used for transfers onto solid 
medium (Booth, 1977). The only solid medium employed was 
potato sucrose agar made from peeled main crop potatoes 
according to Booth (1977).
2.2 Liquid Culture Conditions
2.2.1 The medium: Borrow's nutrients modified (BNM)
A defined medium for use in these studies was designed 
on the basis of the extensive studies of Gibberella
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fuj ikuroi (F. mon /ili forme ) by Borrow et. a l . (1961) . The 
major nutrient species were balanced, according to Borrow1s 
data, to become limiting simultaneously. Growth studies 
employing a number of Fusarium species showed that the form 
in which N- was supplied was critical and that when supplied 
as 1/3 N-glycine + 1/3 N-NO“ + 1/3 N-NH^“ all strains tested 
grew well and this formulation was adopted.
COMPONENT Gm
Sucrose 62.2
Glycine 3.5
NH4N03 3.5
KH2P04 2.0
MgS04.7H20 0.38
micr-nut.stock 2ml
pH adjusted to 5.5
Distilled water 1000ml
NUTRIENT
C
C, N
N
K,P
Mg
mMOLAL CONC
2074
93,47
86
14.8,14.8
1.5
Borrow1s Micronutrient Stock 
ZnS04.7H20 1.00
FeS04.7H20 1.00
CUS04.5H20 0.15
MnS04.4H20 0.10
K2Mo04 0.10
add HC1 to clarify
gm/1
2.2.2. Incubation conditions
50ml volumes of BMN in 250ml conical flasks fitted with 
loose fitting caps were incubated at 25°C while shaken at 
170 rpm in an LH MK X incubater shaker. The light intensity 
and period were uncontrolled, light being provided by a 
nearby window.
2.2.3. Inoculum
Inoculation was effected by the addition of 1ml of a
5
spore suspension which had been adjusted to 5x10 
spores/ml.The suspension was prepared by macerating, in 80ml 
of BMN, a PSA plate culture which had been inoculated with a
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single microconidium and incubated from between 13 and 17
days at 25°C. The density was adjusted by dilution in BMN
according to haemocytometer counts. The dilution generally
-2
required was about 5x10 .
2.2.4. Biocide Addition
Just prior to inoculation, biocides were suspended or 
dissolved in sterile BMN and diluted to lOx the desired 
working concentration. The biocides themselves were treated 
as being autosterile and all media and glassware used in 
their dilution were sterile. The flasks that were to contain 
biocides contained 45ml of medium so that the addition of 
5ml of the biocide suspension effected a final ten-fold
dilution.
Several of the biocides were applied as the commercial 
preparations, compounded with emulsifiers, and produced good 
emulsions when added to water. Others were applied as the 
technical grade compound and provision had to be made to 
produce a satisfactory emulsion. Usually 1% Tween 20 in BMN 
was adequate but Prochloraz had to be dissolved in acetone
(10% solution) and added dropwise to 2% Tween 20 in BMN with
continuous stirring.
2.3 ANALYTICAL METHODS
The details of the procedures involved in producing 
and analysing the fractions illustrated by the diagram
(Figure 2.3.a.) are given in the subsequent sections.
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Figure 2.3.a. Flow diagram illustrating the origin of and 
relationship between the biochemical fractions as defined in 
the present study.
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2.3.1. Dry Weight
The mycelium was separated from the culture effluent
and the microconidia by a Whatman SI filter with Buchner
filtration. The mycelium was washed well on the filter then
o
dried overnight at 80-90 C in a forced air oven. Because of 
rapid rehydration upon removal from the oven, the mycelial 
samples were allowed to cool and equilibrate for about 15 
minutes before receiving a final drying for 90 seconds in a 
microwave oven and then weighed immediately to the nearest 
0.5mg.
2.3.2. Lipid Extraction
The dried mycelium was removed from the filter paper, 
when it was possible to do so, broken up, immersed in 
chloroform and extracted overnight at room temperature. In 
cases where the mycelium adhered to the paper, both paper 
and mycelium were torn into small pieces and extracted 
together. The material was then thoroughly ma^cerated by an 
MSE blender and extracted for a further 24 h . The 
insoluble material was filtered off through a fluted SI 
filter by gravity and washed with chloroform. The extract 
could then be reduced to minimium volume in a rotary 
evaporator operated at ,40° C and transferred to a tared vial 
in which the extract was taken to dryness under a stream of 
nitrogen.
2.3.3. Saponification
The mycelial lipid was redissolved in 5ml of 
chloroform and 3 ml of this solution were transferred into a 
10 ml round-bottom flask and redried. To this was added 5 ml 
of the saponification reagent, 10% potassium hydroxide in 
50% ethanol, the flask sealed and reacted for lhr. at
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80 C in a water bath. After cooling, the unsaponifiable 
fraction was extracted with 3 x 2ml of light petroleum ether 
(b.p.=40-60°C). The ether fractions were combined in a 
tared 5ml vial in which it was dried under a stream of 
nitrogen and reweighed.
2.3.4. Spectroanalysis for ergosterol and carotenoids
The unsaponifiable lipids were redissolved in 3ml of 
chloroform. Typically, 50 pi of this solution were added to 
2ml, of chloroform and scanned from 300 nm to 250 nm to 
reveal the very characteristic ergosterol spectrum (Figure
2.3.b.) The extinction coefficient for ergosterol in
3
chloroform was measured directly to yield a value of 8.9x10 
at the wavelength of maximum absorbtion of 284 nm.
Ergosterol can also be estimated spectroscopically by 
scanning the crude lipid extract after diluting it from 25 
to 50 times. Because ergosterol contains a homocyclic di-ene 
structure, its separation from most other steroids presents 
no difficulty by this method but the presence of other 
interfering materials gives a somewhat less satisfactory 
spectrum (Figure 2.3.b.) in comparison with the 
saponification method, although the good quantitative
correspondence between the two methods (Figure 2.3.c.)
suggests the error is a consistent one. By accounting for 
the extent to which the observed A 2g4 (shoulder) and A 273 
deviate from the expected values of 0.61 and 0.96 x A284
respectively, a partial correction for background absorbtion 
can be calculated:
A284-[ (A294-0.61 x A284) + (A273- 0 . 96 x A284) ] x 1/2 = A284corrected 
The corrected OD can now be used in calculating the
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Figure 2.3.b. Spectra from 300 nm to 250 nm of saponified 
and native (unsaponified) ergosterol-containing lipid 
extracts in chloroform. F\_ sporotrichioides in BNM.
-263
275
300
Figure 2.3.c. Comparison of ergosterol content as determined 
by direct spectroanalysis and saponification before 
spectroanalysis. The samples were split and are expressed in 
terms of mg per sample.
mI
h
o
<D
a-
o
<u
TJ
124
5 7 9
saponified prep.
50
11
concentration in the usual way by the expression A=Excxl 
where 1 is the path length (1cm), E is the extinction 
coefficient at a given wavelength, c is the concentration in
moles/1 and A is the absorbance at the wavelength.
Carotenoids can be estimated by scanning the reconstit­
uted unsaponifiable lipid fraction between 500nm and 450nm 
at an appropriate dilution rate. It is not known which of 
the carotenoids are produced by these strains of F .
sporotrichioides, however, published extinction coefficients
5
vary little around 1.2x10 and this value was adopted for
the purpose of estimating the production of carotenoids in 
dry weight terms.
As with ergosterol, carotenoids can also be estimated 
directly in the mycelial lipid fraction. Dissolved in
chloroform, carotenoids are not retained by a Waters Sep- 
Pac unlike the polyketide pigments which would interfere
with the spectroanalysis. This method may not, in fact, be 
inferior to spectroanalysis following saponification because 
it eliminates the possible loss of carotenoids , which are 
less stable than sterols, during saponification.
2.3.5 Spore production in liquid culture
The microconidia of F_j_ sporotri chio ides are produced 
freely and at an early stage of growth in liquid culture. 
They are pyriform to ovate, less than 5 jum in diameter and 
they pass a Whatman #1 paper filter. After filtering the
mycelia off as described ,the effluent containing the
conidia is adjusted to a convenient volume, stirred to 
suspend the spores, and a 2ml sample removed to a centrifuge 
tube. The spores are spun down at 2500 rpm for 10 min, the 
supernatant decanted and saved for analysis as described
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below and the spores resuspended in l-5ml of distilled water 
for counting in a haemocytometer slide.
2.3.6 Extracellular polyketides
After centrifugation the culture effluent is 
spectroanalysed from 400-325nm after suitable dilution with 
distilled water. The pigments are quantified by measuring 
their absorption between 350 and 375nm.
2.3.7. Trichothecene toxins
The filtered culture effluent is treated with poly­
polyvinyl pyrrolidone, 60 mesh silica gel both at a rate of
about lg/lOOml and the pH adjusted to 8.0 by the addition
»
of a saturated sodium bicarbonate solution. This preparation 
is stirred for 15 mins. before being clarified through a 
Whatman GF/C glass fibre filter. The almost irridescent 
yellow-green effluent is then extracted with two 35-40ml 
volumes of chloroform:ethylacetate (2 :1 ) and the extractant 
filtered by gravity through a fluted Whatman phase separator 
(PS-1) overlain with anhydrous sodium sulfate. The sample is 
now washed through the filter and dehydrant with a third 
volume of solvent and the combined volumes collected in a 
250ml round bottom flask in which the sample volume is 
reduced to about 1ml using a Buchli rotary evaporator. The 
sample and several washes are combined in a tared 8ml vial, 
dried under a stream of nitrogen and reweighed to yield the 
quantity of the fraction referred to as ’crude toxin1.
At different times both thin-layer chromatography (TLC) 
and capillary gas chromatography (GLC) were used in the 
quantification of trichothecenes. In practice, only the 
latter proved useful in detecting the quantitatively minor
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trichothecene, diacetoxyscirpenol (DAS), while both were 
satisfactory for estimating T-2 toxin content.
The crude toxin is eluted in 1ml of ethylacetate 
(EtOAc). For TLC this solution must be diluted (usually 20- 
50 times) to contain between 40 and 120 ng/jul. To effect 
this an initial 50-fold dilution is made and volumes of from 
1-5 ;ul chromatographed allowing the optimal dilution rate to 
be ascertained. Having re-diluted the sample, two or three 
different volumes are loaded on a 10cm x 10cm Merck 
aluminium backed TLC plate between standards of 40,60,80 
and 100 ng/spot and developed in chloroformimethanol (MeOH) 
(97:3) or toluene:acetone (3:1). The dried plates are 
sprayed with 6N sulfuric acid in 50% methanol and 
immediately heated at 105° C for up to 10 min. Both T-2 
toxin and DAS fluoresce a pale green-blue under long U-V. 
after this treatment. The characteristics of the toluene 
solvent system are far superior to those of the chloroform 
system, however, under the culture conditions employed a 
material is produced late in the time-course (a brick red
spot in visible light) which co-chromatographs with T-2
toxin in the toluene system. A third solvent system was
developed which combines many of the attributes of the two
standard systems discussed above although it was not used in 
the study for quantitation. Hexane:isopropanol (100:18) 
produces an Rf=0.55 for T-2 toxin and a particularly clean 
track most contaminating compounds having a low R f .
GLC analysis was carried out both on the trimethylsilyl 
derivatives and the native compounds. These two methods are 
reported in outline here with the details provided in 
section 3.2.1. For derivatization, the sample is eluted in
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lml of EtOAc. A 33.3 pi subsample is taken and dried in a 
1.8ml vial under a stream of nitrogen then redissolved in 30 
pi of BSTFA (N,0-bis(trimethylsilyl) trifluoroacetamide) the 
derivatization reagent. The reaction is accomplished by 
sealing the vial and heating it at 42-44° C for 1 h The 
sample is diluted to lml by the addition of 970 pi of EtOAc 
and 1 pi sub-samples analysed with a Perkin-Elmer 8310 
capillary GLC fitted with a 12mx0.25mm BP-10 (OV-17
equivalent) and an FID detector. A BP-1 (OV-1 equivalent) 
column can also be used for this analysis but because the 
BP-10 method is significantly superior the details of the 
alternative are omitted here. The detection limit for 
trichothecenes is a few ng or less although linearity 
begins at a higher level and below 20 ng reproducibility is 
poor. The sensitivity for T-2 toxin and DAS is approximately 
0.46 and 0.41 ng/ uvolt, respectively, with the detector 
hydrogen at 12 lb and the air at 22 lb (optimum).
Table 2.3-.d. Temperature program for TMS-T-2 toxin analysis.
Elapsed t Ramp Rate Temp. Duration
min °C/min. °C min
0 - 50 initial
30 5.73
5.73 - 222 3.0
5 4.6
13.33 - 245 2.0
3. RESULTS
The methodological problems encountered in the study 
concern the development of analytical procedures on the one 
hand and the development of an appropriate regime of growth 
conditions on the other. These developments are detailed in 
the sections 3.2 and 3.1, respectively. Results from the 
application of the protocol which emerged are presented in 
section 3.3.
3.1. GROWTH AND DEVELOPMENT OF FUSARIUM SPOROTRICHIOIPES 
The studies presented in this section provide details
of the course of growth and development in liquid culture by 
F. sporotrichioides and examine the extent to which some 
physical parameters affect this pattern.
3.1.1. Characteristics of Growth in Liquid Culture
Based on data from many separate incubations, figure
3.1.a is a schematic representation of the events occurring 
under the standardized liquid culture conditions described 
in section 2.1. Initially, growth proceeds logarithmically 
(fig. 3.1.b) to a biomass of about 4 g/1 then linearly,
y(mg) = 14.6 X (h ) - 559; r2= 0.93; x-intercept = 38(h)
to a biomass of about 16 g/1 after 90 to 95 h incubation. 
The rate of growth now declines to zero over the next 24 to 
36 h(K=c.a.21 g/1) and thence to senescence and net biomass 
loss. Toxin formation, as well as sporulation, can be 
detected within 48 hours of inoculation. Sporulation 
continues until late in the incubation but germination of 
these spores, which is rapid at first, ceases after about 
four days. Pigment development and the progression of
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Figure 3.1.a. A schematic time course of morphological and 
biochemical development of sporotrichioides in shaken
liquid culture (BNM).
1000
Dry wt. 
mg/flask
Toxin
ug/flask4-6mm 2-3mm
pellets pellets
low/filamentous 
high viscosity viscosity
15 CODry
Wt
Tox:
500
ersmation CO
sooruiaiion
,er_x
£l  -
near UV absorption
150100
Hours incubation
56
distinct morphological growth forms are relatively
consistant as represented in figure 3.1.a.
Figure 3.1.b. Growth and pH during the period of log growth 
and transition to linear growth. F_j_ sporotr i chio ides (TR-2), 
25°C, BNM, 160 rpm.
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The biomass specific nett production rates of each of 
several biosynthetic products changes during the incubation, 
as one would expect (table 3.1.c). The metabolites of 
terpenoid origin reach a maximum rate during the linear 
growth phase. Interestingly, the maximum rate of polyketide 
accumulation and that of chloroform extractable lipids, both
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of which are largely malonyl derived products, occur 
together later during the late growth phase.
Table 3.I.e. Nett dry weight specific rates (change per unit 
of time) of some growth products during identifiable stages 
of growth. The data are average values calculated from ten 
batch cultures conducted over two and a half years.
parameter EARLY MIDDLE LATE SENESCENT
mean t=38h mean t=83h mean t=107h mean t=144h
Lipid 2.9 ±..96 6 .1 ±2 8 *3.8 -0.8 *1.1
mg/g/h
Crude tox. 0.4 ±.2 0.5 ±.03 0.1 ±.1 0.1 ±0.1
mg/g/h
Polyket. 0.03 ±.04 0.2 ±.07 0.22 ±.03 0.05 ±.01
A/g/h
T-2 toxin 20 ±12 53 ±17 -12 ±16 -1 ±6
^g/g/h
DAS 3 ±3 10 ±3 -2 ±4 0 ±1
jug/g/h
Ergosterol 140 ±30 230 ±70 90 ±120 -20 ±20
Xig/g/h
Growth {log} 15.4 ±3.7 0.6 ±4.5 -0.7 ±2.0
The typical pattern of development described above 
would occasionally be replaced by the development of a 
morphological variant which we term ’brain growth’. Here the 
development of filamentous growth fails producing a flask 
which contains one to three large smooth pellets. 
Characteristically, such cultures are slow growing, 
unpigmented and produce very few spores. Toxin yield is 
reduced only marginally less than is growth hence biomass 
normalised toxin yield is similar to that in normal growth 
(table 3.1.d). The occurrence of brain growth is essentially
unpredictable but physical factors affect the frequency.
Brain growth in about 2% of flasks would be expected at a
shaker rate of 170rpm whereas about 15% would be expected at
120rpm.
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Table 3.1.d. A comparison of T-2 toxin and biomass
production by sporotrichioides (TR-2) on the part of
morphologically normal (filamentous) growth and ’brain
growth1. 90 h , incubation at 170rpm and 25a C in BNM.
! one 'brain growth' flask combined with one normal
replicate.
Morphological
type (n)
Dry wt. 
(mg/fl) (n)
T-2 toxin 
(jug/f 1 ) (pg/g d.wt
filamentous 22 712*96 11 1010*220 1420
brain 4 266*52 2 340 1280
filamentous
brain
5
5
678*73 
. +
357*110
5* 680*180 1315
Light also appears to play a role in this phenomenon 
for when 41 flasks representing three single spore lines 
were incubated at 150rpm in the dark, a total of 18 
developed as brain growth whereas in the light incubated 
replicate flasks there were 7 of 36. In addition, one of the 
spore lines produced 2 of 12 another 6 of 14 and the third 
10 of 15 which suggests an inoculum based predilection. 
Lastly, old inocula appear to be very much more prone to 
generating 'brain' growth.
Observation of the reversion of brain growth to the 
filamentous form which sometimes occurs after six or seven 
days incubation, suggests that particle-particle interaction 
causes the progression of diminishing pellet size and 
increasing particle number which is characteristic of the 
normal growth pattern. Brain growth may, on this basis, be a 
symptom of something capable of causing the early 
coalescence of the developing large pellets (see fig. 3.1.a) 
such as increased branching or the production of
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extracellular polysaccharide.
In practice, the pattern of the incubation time- 
course is much more reliably expressed than are the long­
term mean values of a quantitative characterisation. 
Replicability in a single experiment, where subsamples of 
an inoculum raised from a single spore are incubated 
simultaneously, can be within analytical uncertainty (table
3.1.e). Why ostensibly identical experiments conducted at 
different times should yield T-2 toxin in amounts from 200 
to more than 2000 jug/flask, for example, has remained 
obscure throughout the study. Some progress has been made, 
however, in describing the terms of this variability and in 
revealing factors capable of eliciting a change in the 
expression of secondary metabolism.
Table 3.I.e. The extent of variation in one particular 
experiment in the yields of biomass, T-2 toxin and 
chloroform extractable mycelial lipid. Incubation period 101 
h at 150 rpm at 25 C. n=3 for each biomass determination
Dry wt. T-2 toxin Lipid
(mg/f1 ) (/ig/f 1 ) (pg/g d . w t .) (mg/f1 ) (mg/g d .wt.)
1 891*12 670 750 54.4 20.4
2 9 00*29 670 74 5 61.3 22.7
3 893*29 670 750 61.6 23.0
4 900*24 670 745 106.7 39 .5
5 901*15 750 830 90.1 33.3
6 891*9 580 650 80.1 30.0
ALL 896*16 670*54 750*60 75.7*20 28.2*7
60
3.1.2 Investigations of Inoculum Predilection
Of the many possible sources of inoculum predilection 
three lines of inquiry were pursued: influence of inoculum
density; the influence of the age of the mycelium from which 
the inoculum was produced; the possibility that conidia 
might have different toxigenic potentials.
3.1.2.1. Inoculum Density
If inoculum density had no effect on growth and toxin 
production, then diluting a spore suspension would merely 
affect the length of the lag phase. A spore suspension was 
diluted nominally to 1, 0.5 and 0.1 of the original
concentration and replicate flasks inoculated to produce
5 4 3
actual inoculation levels of 1.4x10 9.4x10 and 8.6x10
spores/ml.
Figure 3.1.f. The relationship between inoculum density and 
T-2 toxin yield during a time course normalised graphically 
to biomass. F_;_ sporotrichioides (TR-2) at 25 C in^ shaken 
liquid culture (BNM) at 170 rpm.
/  /  0 .5
5 0 0 -
1.0
0.1 /
500m g /fl Dry w t.
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Figure 3.1.£ shows that inoculum density affects the
relationship between toxin and biomass yields. Note that the
slope, which is biomass normalised toxin yield is less
affected than the x-intercept which reflects the minimum
biomass for initiation of toxin production. The growth time-
course (not shown) shows an inverse relationship between
linear growth rate and inoculum density such that:
inoculum density = 1.0, y(mg) = 10.9 X(h) - 110, 
X-intercept=10.1 h 
inoculum density =0.5, y(mg) = 13.7 X(h) - 471, 
X-intercept=34.4 h 
inoculum density = 0.1, y(mg) = 17.0 X(h) - 751, 
X-intercept=44.2 h
Finally, it should be noted, there were 4 of 36 flasks which
produced brain growth all of which were from the
intermediate inoculum density. As a result of this
experiment a standard working inoculum concentration of
4
1x10 spores/ml was adopted.
3.1.2.2. Inoculum Age
The inoculum age, that is, the age of the culture from 
which the inoculum was taken, was tested for its effect on 
subsequent performance in liquid culture. For these 
experiments three sets of flasks were set up in parallel, 
each set inoculated with a spore suspension which had been 
derived from equivalent single-spored colonies. Each toxin 
determination, then, is based on three analyses (9 flasks 
taken 3 at-a-time).
Figure 3.1.g shows an apparent gradual loss in 
toxigenic capacity as the inoculum ages. Although any such 
loss between twelve day old inocula and those incubated for 
nineteen days is not pronounced, the 19 day old inoculum 
alone produced several flasks containing brain growth and
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Figure 3.1.g. The relationship between inoculum age and T-2 
toxin yield during a time course graphically normalised to 
biomass. Each data point is the mean of three determinations 
from each of three single-sporelines of F\_ sporotrichioides 
(TR-2) at 25°C in shaken liquid culture (BNM) at 150 rpm.
1.5 k -
T-2 ' 
TOXIN
1K -
5 0 0 -
26d
-0
1 K5 0 0
BIO M ASS (mg dry w t.)
for this reason was considered to be superoptimal. Growth 
rates calculated from these experiments also support the 
contention that the 19 day inoculum is in some way unstable 
(table 3.1.h) judging from the low value of r2, the 
'goodness of fit' coefficient. Note also that, like 
toxigenicity, linear growth rate diminishes with the age of
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inoculum. As a consequence of these experiments a standard 
inoculum incubation period of 13 to 16 days was adopted.
Table 3.1.h. Regression analysis of growth data from 
the period of linear growth comparing the performance 
of inocula of different ages.
inoculum single-sporeline mean
age regressions regression
y =. 18. Ox - 604;r2 =0.95
12 day y = 16 .9x - 515; r2 =0.97 y = 17.Ox - 514
y — 16.Ox - 4 2 3; r2 =0.98 r =0.98
y = 10. 5x - 356;r2 =0.62
19 day y = 9. 7x - 399; r2, = 0.75 y = 12.Ox - 495
y = 15.7x - 729;r2 =0.89 r =0.88
y = 13.3x - 305;r2 =0.91
26 day y = 10. 5x - 57;r2=0.98 y = 11.2x - 133
y — 9 . 8x - 39;r2=0.97 r =0.97
3.1.2.3. Single-Sporeline Variability
The last inquiry concerning inoculum predilection 
addressed the possibility that in some way spores segregate 
with respect to secondary metabolic activity during 
conidiogenesis and single-sporelines are therefore not 
strictly equivalent. The difficulty of establishing this is, 
in part, due to the absence of an hypothetical mechanism. 
For example, if this segregation was a rare event, a large 
number of passages should lead to a pronounced divergence, 
if , on the other hand, it was commonplace it might be 
manifest as a tendency to variability. Variability could 
also be due to the presence of one or more unknown factors 
involved in metabolic control which remain uncontrolled, 
being unknown. The fact that an inoculum changes with the 
passage of time means that a direct test such as repeatedly 
evaluating an inoculum's performance is not possible.
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The performance of a number of comparable single-
sporelines was characterised in terms of the yield of both 
primary and secondary metabolic products after incubation to 
late growth phase (4 days). In the first experiment, nine 
fourth passage single-sporelines were incubated side-by-side 
acting as replicates to each other and a tenth one 
replicated to provide comparisons both within a spore line 
and between what should be identical sporelines based on 
their common origin and their exclusively vegetative means 
of propagation (table 3.1.1, schedule B & table 3.1.j). A 
second comparison can be drawn between these data, the 
result of simultaneous incubation, and data collected from 
similar single-sporelines incubated sequentially over about 
18 months (table 3.1.i, schedule A) permiting examination 
of any uncharacterised effects related to the passage of 
time. In a second experiment, nine fourth passage single­
spore lines were first cryogenically stored before being 
treated as above (table 3.1. i, schedule C). The intention 
was to retest what was hoped to be an unaltered and
unchanging inoculum. In a third experiment, first passage 
single-sporelines were cryogenicly stored and evaluated as 
before. Lastly, fourth passage single-sporelines of TR-1 
(ATCC 24631) were committed to cryogenic storage and tested 
as TR-2 (table 3.1.i, schedule D). By ranking the
performances of the sporelines, any patterns associated with 
the relative activities of different subcellular systems
might emerge (table 3.1.k).
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Table 3.1.j. Within/Between analysis: A comparison of
variability of performance between nine single-sporelines 
and a replicated 10th line incubated simultaneously. The 
combined data (10 sporelines) for this experiment are given 
in Table 3.1.i., schedule B.
mean
ONE
SD% max/min mean
NINE 
SD% max/min
Dry wta. 
(mg/hr) 8.86 5 9.41/8.56 8.71 10 9.91/7.13
Final pH 
(pH u) 6.5 3 6 .7/6.2 6.6 6 7. 2/4. 8
Mycelial lipid 
(mg/g d.wt) 33.0 33 45.0/23.6 42.2 19 56.2/30.8
ergosterol 
(mg/g d.wt) 5.7 21 6 .8/4.4 6.4 15 8.1/5.2
carotenoids 
(ug/g d.wt) 15.6 23 19.4/12.2 17.7 19 20.5/13.3
Effluent lipid 
(mg/g d.wt) 10.6 7 11.8/9.8 11.3 20 13.6/7.4
polyketides 
A01ml/g d.wt 122 43 170/71 129 27 203/88
T-2 toxin 
(ug/g d.wt) 2526 21 3005/1940 2074 50 3590/620
DAS
(ug/g d.wt) 488 2 500/480 332 49 580/65
a)not the max. linear rate; calculated as yield from t=0
Table 3.1.k. Ranking of the performances of the single-
sporelines of Table 3.1.i. The sporelines are ordered
according to biomass yield and their relative performance 
(normalised on a dry wt . basis) in each of the biochemical 
compartments is given below each entry of the first (’Dry
wt .') row. The top and bottom performers are separated by
vertical lines.
Dry wt.
Mycelial lipid 
Unsaponifiable 
lipid
Ergosterol
Carotenoid
Effluent lipid
Polyketide
DAS
T-2 toxin
schedule A schedule B
123 4567
5672120 
n .d.
81L9 526
n.d.
927
L712
067
074
5514
349
2513
3516
890
984
337
073
865
893
982
123
652
4567
3180
n.d.
852
- 1-
4179
-243
L542
234
368
8750
L476
L275839
829
890
479
360
--5
719
861
215
416
Schedule C
123 456 789
142 875 369
364 975 128
235 937 168
548 639 117
933 237 681
642 851 793
123 856 496
123 844 796
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3.1.3. Physical Factors and the Growth Conditions
Nutrient limitation, light, agitation rate, 
caramelization products and the presence of inert substrate 
for attachment were investigated to assess their 
significance in the performance of F\_ sporotrichioides in 
liquid culture.
3.1.3.1. Nutrient limitation
To test how nutrient limitation of the major nutrient 
species might affect performance, BNM was modified so that 
each nutrient was limited in turn either to 25% of it’s 
normal concentration or excluded in the case of the micro­
nutrient solution. In each treatment the other nutrients 
were supplied at their normal concentration (table 3.1.1). 
Because N- is supplied in equimolar proportion in three 
forms, 25% N- comprises three such treatments represented by 
N/4(NH*), N/4(NO”) and N/4(Gly) and are equinormal with
respect to Nitrogen.
From these data it was concluded that the form which N-- 
is supplied is very important, much more so than the C/N 
ratio itself. It cannot, from these data, be ascertained 
whether the large differences in final pH could be the cause 
of this response and this was determined using a different 
approach (see Figure 3.1.t.) This experiment is of a 
preliminary nature but it is clear that toxin production 
especially when normalised on a dry wt. basis, can be 
enhanced by certain nutrient limitations and implicitly BNM 
does not produce significant nutrient limited induction of 
T-2 toxin production.
6 8
Table 3.1.1. Effect of nutrient limitation on the
performance of P_j_ sporotrichioides (TR-2) in BNM based
modified liquid media. There are three N-/4 treatments, the
requirement supplied by each nitrogen source in turn.
BNM BNM/4 C-/4 P-/4
no
micros
Nitrogen/4 
m i  NO-
a s : 
!Gly
Final pH 
(pH units) 6.2 4.5 8.0 5.9 6.6 2.1 7.3 3.9
Dry wt.
(mg/fl) 694 370 362 589 172 183 633 847
Mycelial lipid
(mg/g d.wt) 37.6 95.1 17.5 57.2 n.d. n.d. 128.0 103.0
Ergosterol
(mg/g d.wt) 5.2 11.3 6.3 7.2 n .d. n.d. 10.3 13.4
Effluent lipid
(mg/g d.wt) 5.2 10.9 6.0 9.7 24.6 37.3 4.0 13.0
Polyketide
A@lml/g d.wt 105 100 0 170 0 0 0 128
T-2 toxin
(jug/f 1 ) 690 1150 340 1050 1090 1680 120 2190
(jug/g d.wt) 990 3110 940 1780 6340 9180 190 2590
DAS/T-2 0.16 0.11 0.12 0.11 0.19 tr. 0.13 0.11
! sucrose adjusted to compensate for glycine carbon
3.1.3.2 Agitation rate
The rate at which the platform shaker operates 
determines not only mixing and aeration rates but also works 
against the tendency of the mould to form pellets by causing 
fragmentation. To judge the net effects of altering these 
factors, sets of three single-spore lines were used to 
inoculate flasks for incubation at each of three agitation 
rates in three experiments. For comparison, a second 
experimental protocol was conducted utilising a single 
inoculum incubated at three rates. This experiment also 
included a biocide as a second variable to ascertain if the 
mould's response to a biocide is affected by agitation rate 
independent of any response in the normal time-course.
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Figure 3.1.m shows the relationship between agitation rate, 
biomass and toxin production of both experiments exclusive 
of the biocide treatments. The results of the second 
protocol are given in more detail in figure 3.3.12.d.
When a single inoculum is used to compare performance 
at different agitation rates, biomass yield, toxin yield and 
growth specific toxin yield increase with agitation rate. 
With the experimental protocol employing sequential 
incubation and different inocula (as it must be with 
sequential incubation) biomass yield also increased with 
shaker rate but toxin production was not found to be so 
related. Close examination of the data suggest that despite 
three single-spore inocula being used at each shaker rate, 
there were systematic differences between the performances 
attributable to unknown sources which were greater than the 
differences associated with the changes in agitation rate 
tested. Taken together, these results recommend the higher 
shaker rate since there is clear inhibition of growth at the 
lower rates. Evidently toxin production is affected but not 
in the same inextricable way as is growth.
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Figure 3.1.m. Two ways of testing the effects of agitation 
rate on T-2 toxin yield: Three single sporelines are used to 
replicate one agitation rate in each of three experiments 
(angular symbols) and replicate flasks of a single sporeline 
are incubated simultaneously at three different rates (low 
speed = open symbols; intermediate = half filled symbols; 
fast = filled symbols).
1 5 0 0 -
T - 2 .
TOXIN
*9/f. -
1 5 0 /
rpm
1000-
160rpm..
/•*' 140 
rpm5 0 0 -
120 rpm
1000500 BIO M ASS m g / f la s k
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3.1.3.3. Caramelisation Products
BNM is a sucrose based defined medium which can be 
autoclaved. There is, however, a slight discolouration 
during autoclaving and the intensity of this varies to some 
extent with different autoclave cycles. Both TR-1 and TR-2 
were grown on once and twice autoclaved media to establish 
whether these products of heat processing materially affect 
the performance of F\_ sporotrichioides in liquid culture 
(table 3.1.n). TR-2, the strain primarily employed in these
studies, showed little or no response to this treatment. For 
this reason, despite the increase which TR-1 showed in toxin 
production, autoclaving was judged not to be an important 
source of variability.
Table 3.1.n. The performance in shaken liquid culture of two 
strains of F\_ sporotrichioides as affected by autoclave 
generated caramelization products. The twice autoclaved 
medium had distinctly browned.
Dry WT. 
(mg/fl)
TR-2 (NRRL 3299) 
Autoclave Cycle 
Once Twice
TR-1 (ATCC 2463 
Autoclave Cycle 
Once Twice
557*96 548*54 614*88 589*82
T-2 toxin 
Oug/fl) 1260 1500 1370 2580
RATES
Dry wt. 
(mg/hr) 5.8 5.7 6.3 6.1
T-2 toxin
Cug/g d.wt.) 2260 2735 2230 4380
Mycelial lipid 
(mg/g d .w t .) 33.8 38.6 47.9 50.3
Ergosterol 
(mg/g d.wt.) 3.7 3.4 2.9 2.8
Effluent lipid 
(mg/g d .wt.) 8.9 10.0 9.0 14.2
Polyketide
(A@lml/g d.wt. ) 285 n.d. 313 n.d
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3.1.3.4. Exclusion of Light
Here, one set of flasks were incubated in the dark at 
the same time as another set, containing the same three 
single-sporeline inocula, were incubated as usual in the 
light. These data show a large variability in dry weight 
(table 3.1.p) which reflects an uncommonly high frequency of 
brain growth especially in the dark incubated flasks where 
18 of 36, 10 of which were from one spore line, as opposed
to 7 of 36 in the light, produced this anomalous morphology. 
Nevertheless, replicability of toxin production was good and 
the differences between treatments not significant (figure
3.1.q). An observed reduction in sporulation and 
pigmentation together with the high incidence of brain 
growth already mentioned in the dark grown material, leads 
us to suggest that light might play a significant role in 
morphogenesis.
Table 3.1.p. A comparison of dry weight normalised T-2 toxin 
yield by F_j_ sporotr i chi o ides (TR-2)) in shaken liquid 
culture (BNM) in the presence and absence of light during 
incubation.
pg/g dry wt. of T-2 toxin 
Sampling time Light Dark
48
51
56
64
72
74
80
98
105*65
520*55
275*165
690*155
1560*270
1635*290
1220*145
1445*170
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Figure 3.1.q. The time course of growth and toxin yield of 
F . sporotrichioides (TR-2) in shaken liquid culture (BNM). 
open symbols=light incubated: filled symbols=dark incubated. 
circles=biomass; triangles=toxin.
5 0 0 -
T 2 
toxin
-  500
10050 hours
3.1.3.5. Substrate for Attachment
Acid washed vermiculite was dried and added at a rate 
of 1.5g per flask. The presence of inert particulate 
substrate, it was thought, might encourage attached growth 
and make possible a comparison of toxin production by 
attached mycelia with the suspended mycelial growth form 
normal in liquid culture. As figure 3.1.r. shows, toxin 
yield is delayed but not quantitatively much affected by the 
presence of vermiculite whereas the reduction in growth, due 
perhaps to the mechanical stress exerted by swirling 
particles, is the most salient result of this experiment.
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Figure 3.1. r. The time course of growth (circles) and T-2 
toxin production (bars) by sporotrichioides (TR-2) in the
presence (filled symbols) and absence (open symbols) of 
1 .5g/flask of acid-washed vermiculite in shaken liquid 
culture (BNM).
Cmg/fll
Dry
wt.
r 300
T-2
toxin
W'B/flJ
---
15010050
Incubation Chi
3.1.3.6 . pH Effects
During batch fermentation of sporotrichioides,as has 
been described, the pH drops from an initial value of 5.5 to 
a minimum value of about 3.9 before increasing with 
subsequent growth (fig. 3.1.b.). These changes probably
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reflect the initial rapid uptake of NH* and the parallel 
secretion of protons by the mould followed by the slower 
uptake of NO3 and secretion of hydroxyl. The relationship 
between growth and pH change is subject to many factors 
including nutrition (see Table 3.1.1.) and biocide addition. 
For this reason it is important to assess the effect of pH 
alone on TR-2 to permit the separation of any direct effects 
of a biocide addition from the overall effect which could be 
mediated secondarily through pH.
Using a 2 litre lab scale series 500 LH fermentation 
system, a series of sequential batch pH controlled 
fermentations were performed using 1/7 strength BNM at pH 
4.0, 5.5, 7.0 and pH uncontrolled. In shake flasks,the
maximum dry weight specific rate of toxin production occurs 
at a biomass of 500-600 mg/flask, corresponding to a pH of 
5.0 to 5.5. When the pH is controlled at 5.5, however, yield 
drops by about 25% compared to the pH uncontrolled situation 
and pH control at 4.0 or 7.0 reduces yield by about 70% (fig
3.I.S.). Growth is greatest at Pp 7.0 and least when the pH 
is uncontroyed (fig. 3.1.t.) nearly the opposite pattern to 
T-2 toxin yield. The relationship between ergosterol and 
dry weight is markedly affected by pH (fig. 3.1.u.) as is 
sporulation (fig 3.I.V.).
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Figures 3.1.s and t. T-2 toxin production (fig. s) and 
growth (fig. t) of sporotrichioides (TR-2) in pH
controlled sequential batch fermentation runs in l/7th 
strength BNM. The time course is from the initial sample 
rather than batch turn-around since the density of the 
inoculum cannot be standardised in this method.
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Figure 3.1.u. The relationship between ergosterol content 
and biomass -at different constant pH's using sequential 
batch stirred fermentation (l/7th BNM).
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Figure 3.1.v. The sporulation time course in pH controlled 
sequential batch stirred fermentation (l/7th BNM).
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3.2. ANALYTICAL METHODOLOGY
The ’wet1 and analytical methods for toxin analysis 
given in section 2.3. are new or modified methods. The 
rele\^nt experiments conducted in the development and 
verification of these methods are reported in this section.
3.2.1 Extraction Methods
If the culture effluent is sequentially extracted with 
lipid solvents of decreasing polarity, somewhat less than 
40% is extractable with chloroform/methanol (9/1), almost 
60% is then extracted with ethylacetate leaving 2-3% 
extractable with pentane. About half of the amount of 
material available to liquid/liquid partition can be eluted 
from activated charcoal by chloroform/methanol (9/1) after 
mixing the charcoal with the effluent over night at a rate 
of lg/lOOml. The efficiency of T-2 toxin recovery following 
a variety of clean-up procedures was tested by spiking the 
culture effluent of a non-toxigenic strain of poae and
adding 250pg of T-2 toxin in 1ml of acetone. The acetone was 
driven off by stirring at room temperature for 1 hour before 
dividing the mixture into four aliquots and applying the 
treatments. TLC was used to estimate recovery of the toxin 
and evaluate the quality of the clean-up procedure (Figure
3.2.a. and Table 3.2.b.). The use of PVP was adopted based 
on the superior colour fidelity of the samples when compared 
to the standard toxins.
It was observed that by adjusting the pH of the 
effluent to 7.5 - 8.0, less of a yellow pigment (later
identified as a quinone type of polyketide pigment) was 
extracted, consequently the effect of pH on extraction 
efficiency was checked quantitatively by sequential
80
extraction of a spiked aqueous solution containing 50pg each 
of T-2 toxin and DAS adjusted to different pH's (Table 
3.2.c.).
Figure 3.2.a. Protocol for testing the effectiveness of 
four preparative methods in recovering T-2 toxin from spiked 
culture effluent.
extraction:.2 x 35 ml of chloroform/ethylacetate (2/1)
Table 3.2.b. Recovery of T-2 toxin from spiked culture 
effluent prepared for analysis as described in Figure 3.2.a. 
and estimated by TLC.
SPIKED CULTURE EFFLUENT
none
filtrate filtrate filtrate f iltrate
(A) (B) (C) (D)
fraction estimated recovery (%)
A
a
c.a. 10% 
n.d.
B
b
80 - 100% 
n.d.
C
c
80 - 100% 
n.d.
D
d
c.a. 80% 
n.d.
n.d. = none detected (<2%)
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Table 3.2.c. The influence of pH on extraction efficiency of 
T-2 toxin and DAS by chloroform/ethylacetate (2/1) from 
aqueous solution. Analysis by TLC.
First extraction Second extraction
pH
DAS T-2 DAS T-2
1 2
4.1 c.a. 100% c.a. 100% <10% <5%
t£>•If) c.a. 100% c.a. 100% <10% <5%
7.1 c.a. 100% c.a. 100% <10% <5%
1
10% based on detection limits, none detected
2 5% based on detection limits, none detected
3.2.2 TLC of Trichothecenes
As was discussed in section 2.3.7., both of the widely 
published thin-layer chromatographic solvent systems 
(chloroform/methanol and toluene/acetone) have serious
shortcomings. Other solvent systems were developed and,
although not used in the quantitation of samples, are 
reported here for completeness. The
chloroform/methanol/acetic acid system for deoxynivalenol 
(DON) and the hexane/isopropanol system for T-2 and DAS 
proved to be particularly successful (table 3.2.d).
Although two-dimensional TLC was not used in the 
quantitative analysis, it was found to be a useful
qualitative tool in comparing the extracellular lipid
product of different treatments. The effect of the period of 
incubation on the lipid product of TR-2 exposed to 48ppm
tridemorph is given as an example in figure 3.2.e.
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Table 3.2.d. The performance of thin-layer chromatography 
solvent systems in chromatographing three trichothecenes. 
The plates used were Merck aluminium-backed 100 urn thick 
5553.
Solvent system
Rf value 
T-2 DAS DON
chloroform/methanol 98/2 0.58 0.56 0.22
95/5 1.0 1.0 0.86
toluene/acetone 3/2 0.56 0.53 0.27
3/1 0.34 0.29 0.09
chioroform/ethylacetate 9/1 0.08 0.08 0.02
1/1 0.37 0.37 0.08
chloroform/methanol/ 90/10/5 1.0 1.0 0.69
acetic acid 90/10/10 1.0 1.0 0.61
hexane/isopropanol 9/1 0.25 n.d. n.d.
80/20 0.55 0.52 n.d.
n.d. = not determined
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Figure 3.2.e. A method for comparing the lipid product of 
cultures which, in this example are from cultures of 
different ages, using 2-Dimensional TLC
» CHCI3 /MeOH, (97/3)•1st
54 h --
0 5
toluene/acetone 
(3/2)
102 h263
Legend:
Rf in system:
spot no. colour CHCL toluene Notes
1 Y-green 0.89 0.78 appearing after 54 h
2 U-V absorb. 0.70 0.61 appearing after 102 h
3 orange 0.83 0.58 co-chromat. w/T-2 in 
tol/acetone
4 Y-green 0.73 0.48 not yet present after 
54 h
5 blue/purp. 0.67 0.28 produced early pre-54 h
6 yellow 0.40 0.19 also pre-54 h
7 purple 0.41 0.07 appearing after 54 h
8 greenish --- 0.61 transient material
9 green/white 0.73 0.56 T-2 disappearing btwn 
102 & 263 h
spray reagent: 6N H2S04 in 50% methanol; 105 C for 3-5 min.
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3.2.3 GAS-LIQUID CHROMATOGRAPHY
During the course of the study several different GLC 
methods were developed as our instrumentation improved. The 
detailed method given in section 2.3.7. was the most 
successful one for the analysis of derivatized samples and 
was the most widely applied method in the liquid culture 
work. Details of other methods are given here because they 
are for use with other chromatographic systems and are 
useful in their own right (table 3.2.f).
A Pye-Unicam 104 fitted with a heated FID and using a 
4mm i.d.x 6ft. glass column packed with 3% OV-17 on
chromosorb w can be used in the analysis of TMS-derivatized 
fungal extracts for T-2 toxin but will not resolve DAS from 
other products. Capillary GLC provides the greater 
resolution necessary for distinguishing a number of 
trichothecenes from other metabolites and either BP-1 (OV-1 
equivalent) or BP-10 (OV-17 equivalent) will produce good 
results. The latter was selected because the analysis time, 
is shorter and it gives slightly better resolution (table 
3.2.g). Detection limits of T-2 toxin and DAS in the 
capillary system were found to be below 5ng but precision 
and reproducibility were compromised much below 15 or 20ng. 
Typical capillary and packed column chromatograms are 
presented in Figure 3.2.h.
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Table 3.2.f. GLC temperature programs for TMS- and 
underivatized trichothecenes: A) Pye-unicam 104, packed; B)
& C) Perkin-Elmer 8310, capillary; D) P-E 8310, capillary 
for underivatized samples.
A) B) C) D)
Column 2m,3% OV 17 12m,BP-1 12m,BP10 12m,BP-10
specs. on chromsb W i.d.=.25mm i.d.=.25mm i.d .=.25mm
Carrier, N , 60ml/min H ,15 psi H ,15 psi H ,15 psi
flow
Injector mark 3 280 °C 280 °C 285 °C
temp.
Detector 300 °C 300 °C 300 °C 300 °C
temp. 
1st oven 250 °C 50 °C 50 °C ISO °C
temp.
1st isotherm. 0 mm 0 mvn 0.5 m ln
per iod 
1st ramp I 30 °C/min 30 °C/mtt\ 10 °C/min
rate S
2nd oven 0 205 °C 222 °C 230 °C
temp T
2nd isotherm. H 5 mirv 3 mln 1 mln
period 
2nd ramp
E
R 6 .5 °C/min 5 °C/mlu 6 °C/min
rate M
3rd oven A 245 °C 245 °C 260 °C
temp. L
3rd isotherm. 0 .7 mln 2 nun. 3 mln
period
Timed events -------- Sample splitter (c.a. 60 :1 ) opens
at 0.5 min7closes at 2 .5 m\n.
time of run ___ — 16.4 mlu 15.3 mln 16.5 mi
Table 3.2.g. Relative retention times of some trichothecenes 
according to the capillary GLC methods in Table 3.2.f. T-2
toxin = 1 .0 .
METHOD T-2 HT-2 T-2triol NEOSOL DAS T-2tetrol
BP-1
(TMS)
1 (15mu\) 0.99 0.88 0.80,.78 0.60 0.59
BP-10
(TMS)
1 (13 . 8mvr) 0.97 0.84 0.90,.87 0.63 0.68
BP-10
native
1 (14 . 3mlr^ “ 0.68 0.90 0.69 0.55
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Figure 3.2.h. Typical chromatograms from packed column and 
capillary GLC analysis of culture effluent from E\_
sporotrichioides, TR-2 for trichothecenes prepared as has 
been described.
C apil la ry
T-2
Packed  column
T-2
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3.2.4. POLYKETIDE PIGMENTS
The characteristic red and purple pigments associated 
with Fusarium are variously substituted and cyclised 
quinones (Turner,1984). Some of the synthetic steps are 
spontaneous rather than enzyme mediated (Gerber & 
Ammar,1979) but the biosynthetic origin of the skeleton is 
from malonyl-CoA via the polyketide pathway. We feel that 
the yellow colour of the culture effluent which is 
associated with an absorbance maximum in the near ultra­
violet and which is extractable from acidified effluent into 
chloroform, can be identified with one or more of these 
pigments.
Once extracted and dried to a yellow oil, the crude 
pigments are soluble in ethylacetate, 0.05 M HC1 in methanol 
and chloroform. In acidified aqueous methanol the yellow 
pigments turn purple and precipitate at a pH of about 4.6 if 
titrated back with 0.05 M KOH in methanol. In the purple 
form they are insoluble in water or any common organic 
solvents except 0.05 M HC1 in methanol which reversibly 
converts the purple form to the yellow form.
Because the pH of conversion is lowy a carboxylic group 
is implicated but it is difficult to imagine how this could 
also influence the colour change. A reversible hydrolysis 
which associates and disassociates chromophores might be 
more likely. Shibata et al_., (1966) give an exact
description of the solubility properties and alkaline 
conversion of the pigments in question when he describes the 
behavior of aurofusarin, a bisanthraquinone isolated from F ♦ 
culmorum and Fj. graminearum. A reported near Ultra-violet 
peak at 372 nm is also consistant, although the Infrared
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spectra of these pigments are not identical with those of
aurofusarin or related bisanthraquinones. Using the film
technique (van der Haas,1969) on KBr disc , the
precipitation purified pigment preparation shows the
-1
characteristic peaks of unchelated carbonyl (c.a. 1670 cm )
-1
and chelated carbonyl (c.a. 1620 cm ) (Figure 3.2.i.)but
-1
the spectra in the region 1000 to 1500 cm is dissimilar to
the published spectra (Yamaguchi, 1970). To make the
situation less certain, when the pigment bearing extract is
fractionated using column chromatography some yellow
-1
fractions show aryl CHO (c.a. 1720 cm ) and free hydroxyl
-1
(the features around 2900 and 3400 cm ). The latter feature 
would disappear as a result of chelation with a quinonic 
carbonyl if the two were physically associated.
The quantitative analysis of the pigments throughout 
the study is based on absorbance in the region around 365 nm 
of the yellow form. The exact pH in water is not critical 
and there is no very significant bathochromic shift in
response to pH (Figure 3.2.j.). In liquid culture more than
95% of the near U-V. absorbance was in the culture effluent 
although there was no difficulty in demonstrating the 
presence of the pigments in the mycelium.
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Figure 3.2. i. IR spectra of precipitation and Sep-pak 
purified yellow (in acid) presumptive quinone pigments. 
Samples were deposited on KBr discs in solution and the 
solvent evaporated to produce a thin film.
precip
Sep-pak
2508
Figure 3.2.j. The extent 
of pH (acid) induced, 
nearly bathochromic shift 
of lOnm in the near U-V. 
spectrum of yellow/green 
polyketide pigments from 
F . sporotrichioides in 
water.
-0
-in
--W-
7.0
4.0
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3.2.5. Carotenoids
The major difficulty in assessing the carotenoid 
product, all of which is retained in the mycelium, is 
related to the presence of other yellow to red pigments of 
polyketide rather then isoprenoid origin. Two means were 
employed in the present study to isolate the carotenoids, 
always a minor product, from these other pigments. 
Carotenoids are relatively stable to saponification whereas 
the interfering materials were found not to be. Dissolved in 
chloroform the interfering pigments accumulate as a purple 
band at the head of a Waters Sep-pak while carotenoids are 
not retained. The carotenes purified by either means give a 
sharp spectrum not unlike that of B-carotene (Figure 
3 . 2 . k . ) .
Figure 3.2.k. Standard B-carotene and Fusarium (TR-2) 
produced presumptive carotene after saponification. Diluted 
in chloroform.
3.3 INFLUENCE OF BIOCIDES ON GROWTH AND SECONDARY METABOLISM
The experiments reported in this section compare the
effects of sub-lethal biocide treatments on cellular
activities. One of the two doses applied in each test was
judged to produce little or no inhibition of biomass
production and the other to be near the ED as measured
50
after about 75 hours incubation (Table 3.3.a). The
conditions applied in these tests were the same as those
developed for the assay as described in section 2.2. The
precision and reproducibility of the data presented in the
table is often limited by the necessity of handling the
biocides as emulsions. Typically the extent of inhibition
moderates during an incubation time course whether as a
result of degradation of the biocide by the fungus, a
process of selection or some other mechanism. Typically the
maximum biomass expressed (K) in the ED treatment will
50
eventually match that of untreated replicates.
For the brief introductory treatments of biocide usage 
and mode of action which accompany each of the following 
sections, I have relied heavily on the following sources:
The Pesticide Man/ual, (Worthing and
Walker,1983);Insecticide and Fungicide Handbook for Crop 
Protection (Martin,1976); List of Approved Products 
(Anon.,1984); Herbicides and Fungicides, Factors Affecting 
Their Activity (Mefarlane,19 77); The Biochemical Mode of 
Action of Pesticides (Corbett et. a_l.,1984); Fungicides in 
Perspective (Bent,1979); Systemic Fungicides: Disease
Control. Translocation and Biochemical Mode of Action 
(Erwin,1973)
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Table 3.3.a. Activity of biocides against TR-2 (=F. 
sporotrichioides, NRRL 3299) in shaken liquid culture 
including the range over which the biocide caused some 
measurable alteration when compared to the control, the dose 
at which growth measured as dry weight was reduced by 50% of 
control and the dose at which there was growth promotion 
(•n.o.* = none observed).
BIOCIDES
SUB-LETHAL
ACTIVITY ED 50
GROWTH
PROMOTION
FUNGICIDES
BAS 45406F 10 - >100ppm 100 ppm 0.1 ppm
Captafol 5 - 300ppb 50ppb n.o.
Carbendazim 1 - 5ppm 2 ppm 0.lppm
Clotrimazole 10 - 50ppb 2 5ppb n.o.
Fenarimol 5 - 800ppb 500ppb n.o.
Fenpropimorph 20 - 95ppm 85ppra n.o.
Maneb 0.5 - 9ppm lppm n.o.
Prochloraz 1 - 5ppb 3ppb 0.5ppb
Propiconazole 90 - 2000ppb lppm n.o.
Tridemorph 5 - 70ppm 53ppm 7 ppm
Vinclozolrin 150 - >500ppra >500ppm n.o.
Zineb 10 - 60ppm 42ppm n.o.
HERBICIDES
Atrazine >100ppm >1000ppm lOppm
Basagran DP 120 - 60Oppm 180ppm 36ppm
Simazine >1000ppm >1000ppm lOOOppm
2,4-D <3 - 300ppm 20ppm n.o.
PESTICIDES
Fenitrothion l-30ppm 2 ppm n.o.
Long-Last ? - 40ppm 3ppm n.o.
Pirimicarb <3 - 300ppm 3 ppm n.o.
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3.3.1. ATRAZINE
Atrazine is a widely used triazine type soil active 
general herbicide. Its primary mode of action is now well
/\4*
transport at the 'diuron site', between cytochrome Q and 
plastoquinone.
Mitochondrial cytochromes, however, are also affected 
at higher concentrations and cytokinin activity has been 
ascribed to this herbicide (Cobett, e_t aj^ . ,1981). Some fungi 
are sensitive to the triazine herbicides, in particular, 
Penici 11 ium spp. (Gorlenko, ejt aJU ,1969 ), however, F . 
sporotrichioides showed a high degree of resistance to these 
compounds (Rudikov and Spiridonov, 1974).
In this study dry weight yield was not much affected at
lOOOppm a.i. of the technical grade herbicide although at 
lOOppm growth was initially inhibited as was mycelial 
pigment formation. In the early period of incubation, 
treatment with lOppm of atrazine showed an apparent 
stimulation of sporulation and delay in the pigmentation of 
the mycelium. The effect of Atrazine on growth is different 
in kind to that of most of the fungicides tested in that it
affects growth rate more than yield.
known to be the inhibition of electron
Cl
9 4
Figure 3.3.1.a.
Time-course of growth and T-2 toxin formation \
ATRAZINE at 0 ( o ) ,  10 (•) and 100 (A) ppm a.i. The line
graph is growth, the histogram toxin yield.
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Figure 3.3.1.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
ATRAZINE. The units are change in T-2 toxin content per mean 
biomass per hour v s . the midpoint of the interval.
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Figure 3.3.I.e. ATRAZINE
PRODUCT
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3.3.2 BASAGRAN DP
Basagran DP is the trade name applied by BASF to 
dichloroprop and bentazone mixed at a rate of 34% plus 26% 
respectively. It is recommended for the eradication of broad 
leaved weeds in cereal crops.
Dichloroprop is a phenoxyacetic acid derivitive and, as 
is the case with other compounds of this type, possesses 
auxin activity. Bentazone, on the other hand, is known to 
inhibit photosystem II but leave.cyclic photophosphorylation 
unaffected and probably affects other metabolic activities 
as well (Fedtke,1982). Sub-lethal doses of Basagran applied 
to Fusarium solani var. phaseoli have been reported to 
stimulate growth and virulence of this plant pathogen 
(Mussa & Russell, 1977).
Basagran proved to be slightly fungicidal with an ED
50
of 180ppm nominal a.i. (assuming both of the herbicidal 
constitutes to have fungicidal activity) but also to 
stimulate growth, as with F\_ solani, when applied at a rate 
of about 36ppm a.i. At this lower rate the development of 
attached growth (that growth adhering to the side of the 
flask in the 'splash zone1) was particularly heavy while 
both the development of filamentous growth and of mycelial 
pigmentation was encouraged. At the high dose rate 
distinctive unpigmented stellate pellets developed. Overall, 
there are more effects attributable to this herbicide than 
to any of the other biocides tested. In addition to the 
differences referred to above inhibition of mycelial lipid, 
reduction of ergosterol content, initial inhibition of toxin 
formation with subsequent induction and modification of the 
DAS/T-2 toxin ratio (0.43 - normal range is 0.12 - 0.25)
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were all observed. The delay in toxin formation observed 
here in the high biocide treatment is a common feature of 
these studies. In the present rather extreme case it is not 
clear whether toxin formation has reached it's maximum 
expression by the last sampling after seven days.
Figure 3.3.2.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
BASAGRAN DP. The units are change in T-2 toxin content per 
mean biomass per hour vs. the midpoint of the interval.
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Table 3.3.d. Biomass specific yield (BSY) after 94h 
incubation of basagran DP treated £\_ sporotrichioides, TR-2.
Treatment
(ppm)
0
36
180
Lipids
(mg/g)
37
59
82
Ergosterol
(mg/g)
5.3
2.5
3.9
T-2 toxin 
(ug/g)
215
250
15
Effluent lipid 
(mg/g)
2.8
3.7
4.6
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Figure 3.3.2.a.
Time-course of growth and T-2 toxin formation
BASAGRAN DP at 0 (O), 36 (•) and 180 (A) ppm a.i. The line
graph is growth, the histogram toxin yield.
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100
3.3.3 CAPTAFOL
Captafol or difolatan is primarily a surface active 
fungicide but shows slight mobility in the plant. Whereas 
the closely related trichloromethylthiol fungicide captan is 
applied mainly to fruit, captofol is widely used on cereals 
especially in combination with other fungicides. Despite the 
widespread use of these fungicides, their mode of action has 
not been clearly established and it is probable that they 
act against several areas of fungal metabolism. They are 
known, for example, to react with thiols producing 
thiophosgene (Cl.SC.Cl) and inhibiting thiol enzymes.
F . sporotrichioides is very sensitive to captafol in
the assay the ED being approximately lOppb. Both attached
50
and filamentous growth were discouraged with brain growth 
developing in six of nine flasks at the high dose rate and 
mycelial pigmentation significantly delayed. No effect on 
sporulation was apparent, at the low dose rate but the 
production of polyketide pigments was inhibited.
As with maneb, captafol appears to delay growth but not 
to affect the rate of growth to any great extent except at 
very high concentrations were brain growth had been induced. 
Toxin formation, too, follows the maneb pattern where an 
apparent reduction in yield is due to a delay in, rather 
than an inhibition of, toxin formation. This is reflected in 
an increase in biomass normalised toxin production over the 
control. In the high dose treatment, which in this case is 
more growth inhibitory than intended, the same response in 
toxin production occurs as in the low dose. Toxin production 
appears to be largely independent of biocidal activity which 
implies that toxigenic function must, in some way, be
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Figure 3.3.3.a.
Timo-eeuzse of growth and T-2 toxin formation .*
CAPTAFOL at 0 ( o ) ,  10 (•} and 100 (A) ppb a.i. The line
graph is growth, the histogram toxin yield.
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protected from the anti-thiol activity of captafol or of
thiophosgene
Figure 3.3.3.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
CAPTAFOL. The units are change in T-2 toxin content per mean 
biomass per hour vs. the midpoint of the interval.
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Figure 3.3.3.C. CAPTAFOL
PRODUCT
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3.3.4 CARBENDAZIM
Introduced in the 1950's, benomyl provided the 
possibilities of broad-spectrum organic^ fungicides to 
agricultural practice. It has been and is still widely used 
on fruit crops although its market share has been reduced by 
subsequent generations of systemic fungicides now generally 
applied in the intensive production of cereals. Benomyl, 
which spontaneously hydrolyses to its active form 
carbendazim, also provides an interesting case history of 
aquired resistance in fungal populations (Jones,1981;WiId & 
Eckert,1982).
The mode of action of the family of benzimidazole 
fungicides has been widely studied and the proposed 
mechanism is one of the least controversial ones. It has 
been found that these fungicides inhibit assembly of 
microtubules thus preventing mitosis as well as 
extinguishing the polarity of the cell (Howard & Aist,1980). 
Although microtubules are proteinaceous, the benzimidazoles 
do not appear to interfere with protein or amino acid 
biosynthesis nor even with the production of the microtubule 
sub-units. This remarkably specific mode of action suggests 
that carbendazim could be useful as a point of comparison, a 
"positive control", where inhibition of growth is not due to 
the detriment of respiratory activity nor to intervention in 
intermediary metabolism.
0
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Figure 3.3.4.a.
Time-course of growth and T-2 toxin formation :
CARBENDAZIM at 0 (O), 0.05 (•) and 5 (A) ppm a.i. The line
graph is growth, the histogram toxin yield.
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Figure 3.3.4.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
CARBENDAZIM- The units are change in T-2 toxin content per 
mean biomass per hour vs. the midpoint of the interval.
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Table 3.3.4.d. Morphometric-data: distance to first branch
and first septum in jam. Means of 10 measurements, *S.D.
Time
67h 
7 5h 
9 Oh 
28d
Control 
branch septum
231*96 
304*116 
213*92 
n . d .
86*36 
47*18 
35*15 
n . d .
Carbendazim 
0 .5ppm 
branch septum
289*75 
195*87 
260*132 
n .d.
75*28 
37*10 
42*15 
n . d .
5ppm
branch septum
n . d . n . d .
distorted 
n . d . n . d .
75*34 48*21
Figure 3.3.4.e. 
treatments.
Hyphal distortions from carbendazim
90h
0.5  ppm
28d
5ppm
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3.3.5 FENARIMOL
. Fenarimol,known to inhibit cytochrome P-450 and thereby
the C demethylation steps leading to ergosterol formation, 
14
is marketed by Elanco as ’’Rubigan". The ED in liquid
50
culture against F_j_ sporotrichioides is about 0.5ppm showing 
fenarimol to be a powerful anti-Fusarium agent. It is used 
widely both in agriculture and horticulture.
Fenarimol delayed the normal pattern of growth and 
development in shake flasks but did not appear to cause any 
abnormalities in the pattern per se. The dry weight specific 
T-2 toxin values remained in the normal range of 1000-2000 
jtig/g. Toxin yield appears to be slightly depressed when 
compared to the control values but even at the high biocide 
concentration, any effects are marginal.
Figure 3.3.5.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
FENARIMOL. The units are change in T-2 toxin content per 
mean biomass per hour vs. the midpoint of the interval.
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Figure 3. 3.15. a.
Time-course of growth and T-2 toxin formation i
FENARIMOL at 0 (O), 10 (•) and 500 (A) ppb a.i. The line 
graph is growth, the histogram toxin yield.
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Figure 3.3.5.C. FENARIMOL
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3.3.6. FENITROTHION
Fenitrothion is available from Pan-Britanica as a 
garden insecticide in the form of an emulsion of 
unadvertised strength. This compound, like almost all of the 
common modern insecticides, is active against acetylcholine 
esterase acting therefore against the animal nervous system. 
It's high activity against F\_ sporotrichioides suggests that 
it may have more general esterase activity or that important 
fungal enzymes have active sites similar to insect 
acetylcholine esterases. Based on an assumed concentration 
of 5% a.i., the ED is about 2ppm a.i.
In liquid culture this pesticide inhibited both 
mycelial (carotene) and extracellular pigmentation as well 
as inhibiting sporulation. Aside from the colour, the growth 
appeared to be qualitatively normal. The data show an 
extended lag.phase but little effect on the eventual growth 
rate and considerable inhibition of toxin formation. A 
possible early inhibition of ergosterol formation is 
reversed and although there is no very large effect on 
mycelial lipid accumulation, extracellular lipids (crude 
toxin) are reduced.
50
S
MeO OMe
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Figure 3.3.6.a.
Time-course o£ growth and T-2 toxin formation :
FENITROTHION at 0 (0)r 0.3 (•) and 1.5 (A) ppm a.i. The line 
graph is growth, the histogram toxin yield.
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Figure 3.3.6.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
FENITROTHION. The units are change in T-2 toxin content per 
mean biomass per hour vs. the midpoint of the interval.
100
■Q.80
.£ 60 
&
CM
4- 40Is  20
low 'A— .
high
-20
10000
500
Cry weight (m g/fl)
113
Figure 3.3.6.C. FENITROTHION
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3.3.7 FENPROPIMORFH
Marketed by BASF as corbel and by May&Baker as 
Mistral,fenpropimorph is thought to be active against fungi 
in the same way as other morpholines: by inhibiting the
formation of ergosterol at the double bond migration stage 
(8(9) to 7(8)) producing episterol from fecosterol thereby
v
causing membrane dysfunction due to lack of the preferred ^ 
sterol.
In shake flasks fenpropimorph inhibited the development 
of mycelial pigment and attached growth while filamentous 
development and sporulation were both enhanced during early 
stages of the fermentation. The specific ergosterol content 
of the mould was reduced to about 1/3 of the control by the 
fungicide but, as was the case with tridemorph, the growth 
inhibitory treatment did not show a significantly lower 
ergosterol content than the•sub-inhibitory concentration of 
biocide.
As the data shows, toxin is inhibited at both 38ppm 
and 120ppm. At the higher concentration there is a severe 
temporary reduction in mycelial lipid content which returns 
to near normality by about seven days.
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Figure 3.3.7.a.
Time-course of growth and T-2 toxin formation .*
FENPROPIMORPH at 0 (O), 28 (•) and 90 (A) ppm a.i. The line
graph is growth, the histogram toxin yield.
1000
/■•---
Dry wt. 
(mg)
1*1500
..1000.. 500
T-2
toxin
(pg)
"500
50 100 150
Period of incubation (hrs.)
116
Figure 3.3.7.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
FENPROPIMORPH. The units are change in T-2 toxin content per 
mean biomass per hour vs. the midpoint of the interval.
100
80
0 4
^  40
Is  20
control
•20
10000
500
Dry weight (m g/fi)
117
Figure 3.3.7.C. FENPROPIMORPH
Control
□ T-2 toxin h g /g
Lipid 
mg/g x 10
PRODUCT
1600 -
1400 -
1200 -
1000
800
600
400
200
Til Ergosterol 0
i^mg/g x 100 1600r~
Polykel 
A/ml/g
Low
Dose
ketide 1400 —  
1200 -  
1000 -  
800 
600 -  
400 
200 
0
1600- 
1400 - 
1200 -
High
Dose 1000
800
600
400
200
0 1
ill
1 -
I
m
II f/A
A
I
M i
early MDDLE LATE SCENESCENT
GROWTH STAGE
118
3.3.8. MANEB
This surface active alkylene bisdithiocarbamate
fungicide is widely used on potatoes and tomatoes alone
and, when compounded with other fungicides, applied to
cereals. The mode of action of maneb and other
dithiocarbamates as distinct from the dimethyl-
thiocarbamates which are thought to increase toxic metal ion
uptake through chelation, appears to be through the activity
of diisothiocyanate, a spontaneous oxidation product of the
fungicide as applied: £H2N=C=S
CH2N=C=S
This product is thought to react with the thiol groups of
proteins thus denaturing them (Cremlyn,1977). Other workers,
however, have suggested the active form to be
ethylenethiuram disulfide based on the similarity in
response of fungi to this compound as to alkylene
bisdithiocarbamates (Owens,1969):
CH2-NH-CS-S
6h2-nh-cs-s
Under the conditions of the assay maneb is moderately
to highly active with an ED of about lppm of the
50
commercial formulation, an 80% wettable powder. Mycelial 
pigment production is inhibited as is sporulation and
pelleted growth is encouraged at the expense of the 
development of filamentous growth. As was common amongst the 
biocides tested in the present studies, growth was delayed 
but the maximum rate attained in the treated replicates was 
comparable to the control value. The effect on toxin 
production proved more complex; at the high dosage (4ppm) 
toxin production is clearly depressed but at the low dosage 
(0 .8ppm) there is a temporary enhancement in the dry weight
119
normalised production which is ameliorated by the eighth 
day. It is possible, however, that at 98hrs. the treated 
replicates were still producing toxin if -there was a delay 
of toxin production parallel to that in growth causing the 
maximum expression to go unmeasured.
Figure 3.3.8.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
MANEB. The units are change in T-2 toxin content per mean 
biomass per hour v s . the midpoint of the interval.
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Figure 3.3.8.a.
Time-course of growth and T-2 toxin formation :
MANEB at 0 (O), 0.6 (•) and 3 (A) ppm a .i. The line graph is 
growth, the histogram toxin yield.
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Figure 3.3.8.C. MANEB
PRODUCT
2000
1600 -
Control
1200 -
T-2 toxin 800 —
pg/g□
Lipid 
mg/g x 10
400
Ergosterol 
mg/g x 100
20001-
Polyketide
A/ml/g
1600 -
1200
Low
Dose
800 -
400-
2000
1600
High
Dose 1200
800
400
MDDLE LATE SCENESCENT
GROWTH STAGE
122
3,3.9. PROCHLORAZ
The fungicide prochloraz has emerged as the market 
leader for use on U.K. cereal crops. I,t is another 
ergosterol biosynthesis inhibitor (EBI) thought to act 
against cytochrome P-450, inhibiting demethylation at C
and thereby blocking ergosterol biosynthesis at an early
stage. C methyl:C desmethyl, monomethyl and dimethyl 
14 4
sterols probably accumulate as with other such EBIs.
sporotrichioides with an ED of between 2 and 5ppb. Like
50
propiconazole and tridemorph, pigmentation of the mycelium 
is inhibited. Unlike propiconazole pelleted growth is 
encouraged to some extent even at the low (0.5ppb) dosage 
which shows no inhibition of growth and perhaps a slight 
induction. At 2ppb, a concentration at which growth is only 
slightly inhibited, both the development of attached growth 
and production of polyketide pigments are inhibited although 
the submerged growth is morphologically normal. T-2 toxin 
production is little influenced by either treatment although 
there is a suggestion of enhanced removal of the toxin by 
day eight.
14
This agent is extremely active against F\
Cl
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Figure 3.3.9.a.
Tima-course of growth and T-2 toxin formation :
PROCHLORAZ at 0 ( o ) ,  0.5 (•) and 2 (A) ppb a.i. The line 
graph is growth, the histogram toxin yield.
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Figure 3.3.9.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
PROCHLORAZ. The units are change in T-2 toxin content per 
mean biomass per hour v s . the midpoint of the interval.
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Figure 3.3.9.C 
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3.3.10 PROPICONAZOLE
Propiconazole is the active ingredient of the Ciba- 
Geigy fungicide Tilt EC250 and is widely used against rusts, 
mildews, Septoria and Rhynchosporium in cereals. This 
imidazole fungicide probably acts by non-competitive 
inhibition of cytochrome P-450 mediated 14-demethylation of 
lanosterol by direct interaction with the haeme group of 
that enzyme, the accepted mechanism of the P-450 type EBI's. 
This activity prevents the synthesis of ergosterol, thought 
to be an essential component of fungal membranes, leading 
to measurable leakage across the plasmalemma and presumably 
intra-cellular leakage as well.
With an ED of about lppm, propiconazole is a highly 
50
active anti-Fusarium agent. This fungicide encouraged 
filamentous growth at the expense of both pelleted and 
attached growth. Sporulation may be slightly enhanced at 
the low dose rate. Initially growth is severely affected and 
toxin production depressed. The high dosage continues to 
depress toxin formation while the low dosage fails to 
prevent a resumption of normal toxin accumulation. By the 
fourth day ergosterol biosynthesis is restored even at the 
high dose rate an observation consistent with the dilution 
of a non-competitive inhibitor. Although mycelial lipid 
content is reduced, culture effluent lipid content (crude 
toxin) is roughly at the control level which argues that 
lipid biosynthesis is depressed and the reduction of 
mycelial lipid is not attributable to increased leakage from 
the mycelium, a theoretical consequence of ergosterol 
inhibition.
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Figure 3.3.10.a.
Time-course o£ growth and T-2 toxin formation :
PROPICONAZOLE at 0 (O), 50 (•) and 1000 (A) ppb a.i. The
line graph is growth, the histogram toxin yield.
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Figure 3.3.10.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
PROPICONAZOLE. The units are change in T-2 toxin content per 
mean biomass per hour vs. the midpoint of the interval.
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Figure 3.3.10.C. PROPICONAZOLE
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3.3.11. SIMAZINE
Simazine, like the closely related triazine herbicide
Atrazine,is an inhibitor of photosynthesis acting as an
electron acceptor at the 'diuron site1. The fact that these 
herbicides are both chemically related to the active moiety 
of the P-450 EBI's and also interact with a cytochrome 
system makes their performance particularly interesting.
At 300ppm simazine shows no influence on dry weight, 
although it profoundly affects morphological development. 
Attached growth is enhanced, forming tough braids of 
mycelium which bear unique pigmented sporodochia-1ike 
regions containing chlamydospore-1ike cells in chains. 
This is the only case where such cells were observed. 
Pelleted growth is also encouraged at the expense of
filamentous development. Conidiogenesis is as vigorous, if
not more so, than the control.
The activity of simazine on F\_ sporotrichioides 
demonstrates that assimilation, although unaffected in
extent, can vary in kind. Mycelial lipid accumulation is
enhanced and this appears to reflect a general increase in
the biosynthesis of acetate derived products since T-2 
toxin, extracellular lipid (crude toxin) and polyketide are 
all well above control levels. Production rate of T-2 toxin 
was elevated above the control rate for the whole of the 
time course which, like the chlamydospore-1ike cells, is a 
response unique to this biocide.
Cl.
Et NH NH Et
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Figure 3.3.11.a.
Tima-course of growth and T-2 toxin formation i
SIMAZINE at 0 (O), 300 (•) ppm a.i. The line graph is
growth, the histogram toxin yield.
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Figure 3.3.11.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
SIMAZINE. The units are change in T-2 toxin content per mean 
biomass per hour vs. the midpoint of the interval.
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Figure 3.3.11.C. SIMAZINE
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3.3.12 TR1DEM0RPH
Until the early 1980’s when tridemorph was superceded 
by the P-450 EBI's such as prochloraz, it was the leading 
fungicide in use against cereal rusts and smuts. It is known 
to inhibit ergosterol biosynthesis at low concentrations by 
preventing the double-bond migration in episterol to produce 
fecosterol, the ergosterol precursor. At higher 
concentrations however, fatty acid oxidation and direct 
interaction with the plasmalemma have been reported 
(Kerkenaar et. aJ.,1979) presenting a more complex picture of 
the mode of action at application rates used in these 
studies.
In sporotrichioides a low dosage of 8ppm, a.i.,
produces a marked decrease in free ergosterol while
increasing biomass yield. When applied at the ED (50 ppm,
50
a.i.) there is little further change in ergosterol content 
implying that the inhibition, at least at the point late in 
biosynthesis at which tridemorph acts, does not determine 
it's anti-fungal activity in Fusarium.
Effects on morphology in liquid culture include the 
marked inhibition of attached growth and the production of 
small hard pellets especially at dosages greater than 
40ppm, a.i. Both the distance to the first branch and the 
distance to the first cross-wall are reduced in high 
sublethal treatments (Figure 3.3.12.a) which suggest that 
inhibition of elongation may be producing more densely 
branched structures, hence the small pellets.
Neither spore nor polyketide production is ultimately 
inhibited but rather delayed to a greater extent than is 
biomass production. Trichothecene yield is strongly
135
inhibited at low (ClOppm, a.i.) concentrations but enhanced 
at higher concentrations. This enhancement appears to be the 
result of an early but relatively short-lived stimulation of 
toxin production which, if accompanied by too great an 
inhibition of growth (Figure 3.3.12.b), can result in little 
or no increase in yield. The lability of this enhancement 
and the opposite response induced by tridemorph at low 
concentrations drew attention to this biocide and several 
supplementary experiments are reported.
Figure 3.3.12.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
TRIDEMORPH. The units are change in T-2 toxin content per 
mean biomass per hour vs. the midpoint of the interval.
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Figure 3.3.12.a.
Tirae-course of growth and T-2 toxin formation :
TRIDEMORPH at 0 (O), 7 (#) and 50 (A) ppm a.i. The line
graph is growth, the histogram toxin yield.
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Figure 3.3.12.C. TRIDEMORPH
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Figure 3.3.12.d. Tridemorph activity profile:
Dry wt. ((xj , mg/fl); T-2 toxin (*, pg/fl); Lipid ( + , 
mg x 100/fl); Distance to first branch (x, jum); Distance to 
first septum urn).Period of incubation of TR-2 at 160rpm
in BNM was 77 hours.
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Figure 3.3.12.e. RATE OF NETT T-2 TOXIN PRODUCTION with a 
super-optimal dose (60ppm) of tridemorph.
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Table 3.3.12.f. Effect of exogenous ergosterol (5 mg/fl) on 
tridemorph induction of T-2 toxin production by TR-2 in BNM.
control 8 ppm 50 ppm 
+ ergost.
units
dry wt. 450 570 306 mg/fl
crude 24 16 46 mg/g
lipid 33 25 47 mg/g
ergosterol 3.44 1.67 12.64 mg/g
T-2 toxin 1618 <50 2310 jug/g
Figure 3.3.12.g. The effect of agitation rate in conjunction 
with tridemorph induced T-2 toxin overproduction. TR-2 in 
BNM.
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Table 3.3.12.h. The effect of tridemorph on two other T-2' 
toxin producing strains of Fusarium in liquid culture under 
standard conditions as described in section 2 .1 .
GR-■3 (F. qraminearum. IMI 183761!
tion Dry w t . (mg/fl) T- 2 toxin (ng/g)
:ime 0 ppm 50 ppm 0 ppm 50 ppm
42 h 77 102
72 h 463 594
96 h 764 746 50 40
9 day 713 656
TR-■1
0 ppm 50 ppm 0 ppm 50 ppm
42h 195 45 270 890
7 2h 738 502
9 6h 1001 768 1200 1700
9 day 749 470 495 1275
Figure 3.3.12.j. Camera-lucida drawings showing typical 
hyphal distortions : lateral inflations, apical swelling. 
48ppm, a.i. tridemorph, 80h incubation, 45x objective.
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Figure 3.3.12.1. Net product expressed as yield per day 
accruing over the previous day (except ’initial1 which is 
over 3d) by 3d mycelia resuspended in fresh BNM supplemented 
with tridemorph. 'n/resuspen' = not resuspended, i.e. a 
normal time-course.
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3.3.13 VINCLOZOLIN
Vinclozolin is a relatively new surface active 
fungicide produced by BASF under the trade name Ronilan and 
is used primarily for the control of Botrvtis. The mode of 
action of this and other dicarbox/imide fungicides is a
VI
matter of speculation although there is indirect evidence to 
suggest that they interfere with mitosis disrupting both the 
link between biosynthesis and cytokinesis and causing non­
disjunction of chromosomes. Nucleotide synthesis does not 
appear to be affected. In these activities vinclozolin 
resembles carbendazim and like carbendazim is likely to 
affect other cellular functions involving microtubule 
synthesis and assembly.
Development of filamentous,but not attached, growth was 
inhibited. Pelleted growth was more persistent, 
quantitatively more significant and qualitatively the 
pellets were smoother and more consolidated than is normal. 
An apparent inhibition of mycelial pigment may be the 
indirect result of the predominance of pelleted growth which 
is normally unpigmented. Growth rate was, if anything, 
enhanced after a period of about 36 hrs. where growth was 
strongly inhibited.
Dry weight specific T-2 toxin yield is probably not 
significantly affected over 93 hours incubation although 
toxin formation was depressed in the period of growth 
inhibition. Like carbendazim, vinclozolin appears not to 
exert any influence on toxigenic function separate from that 
which it exerts on growth though the proportion of DAS/T-2 
is altered to 0.42 from the normal range of 0.15 to 0.25.
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Figure 3.3.13.a.
Timi=eour»« of growth and T=2 toxin formation i
VINCLOZOLIN at 0 (O), 300 (A) ppm a.i. The line graph is
growth, the histogram toxin yield.
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Figure 3.3.13.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
VINCLOZOLIN. The units are change in T-2 toxin content per 
mean biomass per hour vs. the midpoint of the interval.
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Figure 3.3.13.C. VINCLOZOLIN
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3.3.14. ZINEB
Like maneb, this alkylene bisdithiocarbamate was 
introduced in the 1940's to replace the inorganic fungicides 
and was prepared in the field by adding a zinc salt to 
nabam. It's mode of action is assumed to be the same as that 
of maneb since it differs from maneb only in its containing 
Zn rather than Hn whereas the active form is thought to 
derive from the organic portion. Our understanding of what 
the active form or forms might be remains incomplete
(ethylene diisothiocyanate and etem have been suggested) 
though their reactivity with thiol containing proteins such 
as pyruvate dehydrogenase and o<-ketogluto.rate dehydrogenase 
is generally accounted as the mode of it's fungicidal
activity.
This time course was conducted early in the study
before most of the biochemical analyses had been developed. 
Certain morphological measurements were, however, made. 
Zineb inhibits pigment production and growth is 
disproportionately pelleted at the expense of filamentous 
development. Branching frequency was increased, measured as 
the distance from the hyphal tip to the first branch, and 
cell (compartment) length was reduced, measured as the 
distance from hyphal tip to first septum (Table 3.3.14.d). 
Both indicators suggest a more compact form.
Zineb represents a classic instance where lag phase is 
increased but neither the maximum growth rate nor carrying 
capacity (K) is reduced. The low dosage had no significant
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Figure 3.3.14.a.
Time-course of growth and T-2 toxin formation
ZINEB at 0 (O), 1 (•) and 60 (A) ppm a.i. The line graph is
growth, the histogram toxin yield.
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effect on growth but markedly reduced toxin production 
whereas the high doseage, which markedly reduced growth, 
exerted no further effect on toxin yield. This will have the 
effect of increasing dry weight specific toxin yield.
Figure 3.3.14.b.
RATE OF NETT T-2 TOXIN PRODUCTION as influenced by 
ZINEB. The units are change in T-2 toxin content per mean 
biomass per hour vs. the midpoint of the interval.
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Table 3.3.14.d. The effect of zineb on two morphological 
parameters in liquid culture (BNM).|\_ sporotrichioides. 
Measurements in jam.
incubation length to 1st branch length to 1st septum
(hours) 0 ppm 1 ppm 60 ppm 0 ppm 1 ppm 60 ppm
67 231 192 89 86 77 78
±96 ±54 ±70 ±36 ±19 ±23
75 304 234 91 47 40 86
±116 ±164 ±50 ±18 ±12 ±37
90 213 120 114 35 26 75
±58 ±108 ±59 ±15 ±9 ±25
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3.3.15* RESPONSE OF TR-1 TO BIOCIDE TREATMENTS
TR-1, as has been noted, is morphologically 
distinct from but shares a common origin with TR-2. The 
response of TR-1 to biocides was investigated as a potential 
means, when considered along side that of TR-2, of 
distinguishing responses which are due to fundamental 
regulatory activity from those which might arise from a 
peripheral source. The expectation is that a response which 
is strain specific is likely to arise from an indirect 
influence (thus peripheral) on some central and conservative 
regulatory scheme. For example, in section 3.1. just such 
a differential respose to caramelization products is 
reported suggesting that the induction mechanism in TR-1 is 
through some cellular activity not directly involved with 
the regulation of sesquiterpene biosynthesis.
In BNM, unlike on PSA, TR-1 is morphologically
indistinguisable from TR-2 while sensitivity to fungicides 
and toxigenicity are somewhat different. The response of TR- 
1 to several biocides, tested according to the protocol 
developed for TR-2, is reported in Table 3.3.15.a. It was 
felt, however, that activity profiles might be more
revealing thus steps were taken to develop a gradient plate 
protocol for assessing this.
On BNM proportionately diluted to 2% sucrose and
solidified with agar, inoculum density has a profound
influence on toxin production as is the case in liquid
culture (Figure 3.3.15.C.). An optimal spore density of
2xl03/cm2 was selected for use on the gradient plates
(Figure 3.3.15.b.) which were set up 24 h in advance of 
inoculation in 10 x 10 cm square petri dishes. The layers
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comprised 22ml each and the biocide supplemented medium was 
poured first into a dish one side of which was chocked up to 
4mm. It is essential to use a level table for this 
procedure.
Four strains, TR-1, TR-2, T424 (another version of TR- 
1&2 from the U. of Pennsylvania kindly made available to us 
by T.A. Toussoun) and a recent toxigenic isolate from Colin 
Booth (IMI) designated as PALM, were tested on three 
Gradients comprising fenpropimorph, fenarimol and
carbon/nitrogen ratio. The latter gradient was established 
so that sucrose was constant at 2% and the equimolar N- 
sources varied downwards from the normal proportion which is 
16/1 (Figure 3.3.15.b.).
The plates were harvested for analysis by using a 
double scalpel with the blades set 1cm apart to cut across 
the gradient. Because it was found that T-2 toxin diffuses 
readily in agar, narrow channels were cut early in the 
development of the lawn and well before harvest. The agar 
was macerated in methanol with a blender and re-extracted 
with chloroform. After diluting the combined samples with 
chloroform:ethylacetate (3:2) and a few ml of 0.05M HC1 in a 
separatory funnel, the residual methanol was removed from 
the lipid fraction by trickling it through a large volume of 
0.05 M HC1 in a second separatory funnel. The extract was 
dried with anhydrous sodium sulfate, reduced to a minimum 
volume in a rotary evaporator, washed into a vial and blown 
down ready for derivatization and analysis.
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Table 3.3.15.a. Response of TR-1 to several biocides applied 
as per the standard assay developed for TR-2.
treatment Cone.
ppi
Dry vt 
■g/fl
i
±5.d
Lipid
■g/g
unsapon-
ifiable
I
Ergo-
sterol
ig/g
Carot- 
enoid 
A/gS lal
T-2
toxin
^g/g
control 0 766 ±47 39.4 12 2.40 1.85 1350
Tridsflorph a 1022 ±25 26.3 13 1.16 0.55 165
38 705 ±10 16.1 38 1.08 0 340
75 180 ±66 n.d. n.d. n.d. n.d. 2610
Fenpropi- 8 878 ±44 46.0 17 1.70 1.7 820
aorph 38 782 ±27 30.3 21 1.65 0.45 485
75 153 ±73 n.d. n.d. n.d. n.d. 15490
Fenariiol 0.1 655 ±66 43.7 12 2.73 1.45 1895
0.5 742 ±153 76.4 15 2.34 4.05 2550
1.0 760 ±83 20.8 17 1.39 .60 935
Siaazine 1300 783 ±58 55.8 12 1.39 1.75 677
Basagran 60 603 ±67 29.3 14 2.65 1.65 600
300 402 ±27 133.7 21 3.04 0 870
Maneb 11.0 726 ±44 34.3 17 3.29 0.55 480
Figure 3.3.15.b. Toxin production by four strains of F . 
sporotrichioides on 3 gradients.1c/n’= C/N ratio:16,32,144/1; 
ffprop'= fenpropimorph gradient; 'fmol'= fenarimol gradient. 
'low'= the min. concentration applied, 'intermed.'= is the 2d 
effective dose (ED ); fhigh'= 5d ED
intermed
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Figure 3.3.15.C. T.he effect of lawn density on the time- 
eourse of T-2 toxin production on bna (BNM adjusted to 2% 
sucrose and solidified with agar). Density in spores/cm2 was 
measured by direct count and is given on the figure.
---
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APPENDIX : FIELD STUDIES
Following a series of glasshouse experiments, outdoor 
studies to test the effect of biocides on the toxin 
production of F.sporotrichioides in summer barley were set 
up in a small experimental plot. The plot consisted of 18 
rows arranged in four blocks with each row receiving a
different treatment or serving as a buffer between different 
biocides. In addition, one meter at the end of each row was 
inoculated but not treated with biocide and the grain from 
this combined to act as the inoculated control for all
treatments.
Inoculation of the barley was conducted over three days
in early June when the grain was at an early stage of
filling. The method for damaging the ear and introducing the
inoculum was this: a double scalpel with the blades set 3mm
apart was drawn lightly down each ear in 2m of a row and
6this length sprayed with a spore suspension of about 10 /ml 
(raised on PSA from single spores) dispensed with a hand 
pump atomizer. Because there were many hundreds of ears and 
it was important to achieve uniform inoculation, absorbant 
cotton soaked with red recorder pen ink was attached to the 
left thumb so that when each ear was scored, the awns were 
labelled red at the same time making it possible to identify 
any unscored ears and correct the situation.
Six days after inoculation, during which time the 
weather was unseasonably cool with frequent showers, the 
biocides were applied. The application rates (Table Append, 
a.) are based on each row being equivalent to 0 .12m frontage 
in field barley, an estimate based on local observations. 
The solutions were made up in tap water to contain the
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amount of biocide required to achieve the desired rate over 
the calculated area. The entire volume could then be 
dispensed (again with a hand pump atomizer) by repeatedly 
traversing the row to ensure satisfactory uniformity. Cross­
contamination was minimized by the use of a cardboard 
shield.
Table Append.a. Biocide treatments applied in the barley 
field trials of Summer 1985.
Biocide concentrations applied (kg/ha a.i.)
0.5 1.6 4.8
0.5 1.5
1.0 3.0
5.0 15.0
1.0 3.0
Harvests of the barley followed the biocide treatments 
by two and six weeks. It was found that T-2 toxin is not 
uniformly distributed in -the tissues of the seed head 
(Figure Append.b.) thus the awns were cut off and recombined 
with the grain following de-chaffing. Grinding was done with 
a Braun coffee grinder. The ground samples were extracted 
with methanol/water (2/1 ) for two hours on a rotary shaker 
and the solids filtered off through a Whatman 1 filter 
paper in a Buchner funnel. The aqueous methanol was then 
extracted with half of its volume of chloroform 
/ethylacetate (1/2 ) and the lipid fraction (lower layer) was 
trickled through a large volume of 0.05M HC1 in a second 
separatory funnel to remove residual methanol and make 
dehydration with sodium sulfate possible. The sample could 
then be taken to dryness to await derivitization and 
quantitative analysis.
tridemorph 
prochloraz 
fenarimol 
maneb 
s imazine
155
Figure Append.b. Breakdown of the dry weight of barley seed 
heads into tissues and the distribution of T-2 toxin in them 
following artificial inoculation of the developing grain.
BIOMASS T-2 TOXIN
grain (82%) gnun
>— chaff (C%)chaff
The infection rates and toxin production from the field
trials are given in Figure Append.c. and data pertaining to
the state of the crop in Figure Append.d. As has been
pointed out in the introduction, artificially inoculated 
grain tends toward toxigen monoculture. This is helpful if 
only interactions between the host, a biocide and the 
toxigen are being assessed but in reality, some biocide 
effects could be mediated indirectly through its effect on 
the unit community. Furthermore, it was observed that the 
grain was heavily contaminated with Erwinia, doubtless a
member of the unit community in cereals, raising the
possibility that the demise of the fungal flora could lead 
to a different unit community thereby changing ’normal' 
interactive possibilities. An alternative inoculation method 
which involves little physical damage consists of the 
injection of a spore suspension into the pseudostem two 
nodes below the floret. This method is compared with
156
Figure Append.c. Effect of infection and biocide treatments 
on fungal contamination and toxin content of barley 2 and 6 
weeks after the application of the biocides. Controls 
include * 0 1=untreated; 'inocf=spray inoculated only; 
'dam*^damaged but not spray inoculated; 'd&in1=damaged and 
spray inoculated; T= tridemorph; P= prochloraz; F= 
fenarimol; M= maneb; S= simazine and the rates are given in 
Table Append.a.
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Figure Append.d. Effect of infection and biocide treatments 
on the crop 2 and 6 weeks after the application of the 
biocides. Controls include 10'=untreated; 'inocf=spray 
inoculated only; '_dam'=damaged but not spray inoculated; 
'd&in1^damaged and spray inoculated; T= tridemorph; P= 
prochloraz; F= fenarimol; M= maneb; S= simazine and the 
rates are given in Table Append.a.
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laceration inoculation of the basal grains on either side of 
the midrib in Figure Append.e.
Figure Append.e. Infection patterns in barley following 
artificial inoculation of the stem or of the ear as 
described in the text. MO-4 is an isolate of F\_ moniliforme 
from maize, a presumptive pathogen.
12D
Ear inoc.100 Ear diyXwt
T3
Sem inoc.
Ear inoc.
1RZ 1R2 4-M04
1R2 1RZ + M04 TRi M04 
Treatments and infection
Table Append.e. Tabulated results of attempts to re-isolate 
TR-2 from soil on the site of the barley plot during the 
summer following the biocide trials. Selective Fusarium agar 
after Burgess & Liddell (1983).
medium isolates screened
total Fusarium other
1st attempt 
potato water agar 25 16 9
2nd attempt 
selective Fusarium 67 59 8
agar
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4. DISCUSSION OF RESULTS
4.1. ASSAY PARAMETERS
The bulk of this study was conducted in defined liquid 
shaken culture. The primary advantages of using an iri vitro 
cultivation method relate to the control and optimisation of 
the physical parameters affecting growth. In this
connection, 'Optimisation' means that these parameters are 
adjusted so as to neither force over production of the 
target secondary metabolites nor markedly inhibit their 
production. Using nutrient limitation to induce secondary 
metabolite formation was rejected expressly to avoid 
introducing a powerful 'forcing function' which might 
compete with the biocides for expression. Instead, the 
medium was designed in an attempt to produce 'neutral' 
conditions under which a third variable might be expected to 
express induction or inhibition of toxin formation. This is 
an important consideration because a response to the 
application of a biocide is conditional, relating both to 
the biocide and to the growth conditions. Additionally, it 
was hoped that these conditions would ensure very
reproducible yields of secondary metabolites so that any 
deviation could be incontrovertibly identified, an 
expectation which was not entirely realized.
The formulation of the liquid medium used in these
studies, Borrow's nutrients, modified, was devised based on 
the studies of F\_ monilif orme by Borrow et_ a l . (1963 ). A
carbon content was selected to produce 2/3 of the maximum 
reported biomass yield (= 20 g/1) and the other essential
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nutrients were supplied at the rate reported for each to 
produce 20 g/1 of biomass when it was the growth limiting
constituent. Nitrogen can, of course, be supplied in a 
variety of forms and both the uptake and the energetics of 
its metabolism (see, for example, Hankinson & Cove, 1974; 
Pateman & Kinghorn, 1976) form a central consideration in 
designing a medium. Studies of the effects of substrate
composition on trichothecene production, however, have 
tended to use undefined nitrogen containing constituents 
such as peptone, yeast extract or corn steep liquor (Ueno, 
et a l .,1975; Miller & Greenhalgh, 1985). For this reason the
nitrogenous constituents of BNM were arrived at based on
growth studies. The criterion here was that all of the
several Fusarium species tested should grow well.
The form in which carbon is supplied also presents 
options. The early studies of Ueno, et a l ♦ (1975) on the 
effect of media composition on toxigenicity of twelve 
trichothecene producing strains of Fusarium, indicated that 
sucrose supported good toxin production. Miller & Greenhalgh 
(1985) verified this but also showed that the proportion of 
trichothecenes produced (DON, 3-acetyl-DON, 15-acetyl-DON), 
varied with the carbon source and that the polyketide, 
zearalenone, was not produced when sucrose comprised the 
carbohydrate in their otherwise undefined medium. Another 
important result of these studies, which will be discussed 
later, is that the apparent relative toxigenicity of a 
collection of strains is medium dependent; strains respond 
differently to medium composition. Sucrose was selected for 
BNM because of its documented ability to support
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trichothecene production and for convenience: it is
relatively stable in the presence of phosphate at 
autoclaving temperatures.
The pattern of growth and development in shaken BNM was 
remarkably consistent and a progression of morphological and 
biochemical development is easily discernible under standard 
conditions. Table 3.I.e. shows that the mevalonic acid 
derived metabolites, T-2 toxin, DAS and ergosterol, are 
produced at their highest respective specific rates during 
the middle of 1 inear growth (1 middle1) whereas the malonyl 
derived polyketide pigments and total lipids maximize in the 
late growth phase. Upon closer examination, however, the 
ratio of the specific rate of T-2 production to that of DAS 
turns out to be steady throughout the time-course at between 
5.3 and 6.7 whereas the ratio of the specific rate of 
ergosterol production to that of the trichothecenes varies 
from 6.3 to -6.4. This suggests that the qualitative pattern 
is deceptively simple : terpenoid biosynthesis is not
regulated as one process after all.
It is an interesting fact that there is a significant 
nett loss of trichothecenes during the late growth phase and 
that the rate of loss approaches zero during senescence. 
This could suggest that nett accumulation of toxin during 
the earlier phases of growth takes place over a background 
of toxin loss; that this loss becomes visible when toxin 
biosynthesis ceases and a low rate of biosynthesis is 
restored, matching the background loss, after lipid 
accumulation ceases during senescence.
The malonyl derived products make a quantitatively 
significant contribution to the dry weight and therefore
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should be examined with respect to assimilation. At 83h (the 
mean time of the middle growth period) the dry weight will 
be 500-600 mg/flask. The nett specific rate of lipid 
production of 6.1 mg/g/h therefore represents 3-3.7 mg/h of 
the 15.4 mg/h of dry weight increase taking place during 
this period. In other words, approximately one-third of the 
dry weight increase is in the form of lipid accumulation. By 
the late growth phase (mean t = 107 h) the dry weight is_ 
900-950 mg thus the specific rate of lipid production of 8 
mg/g/h represents more than 7 mg/h accumulation. Since the 
overall dry weight increase is less than 1 mg/h, the 
additional 6 mg/h of lipid must be produced from already 
assimilated carbon, presumably largely from carbohydrate. 
This shift to malonyl derived products could be the cause of 
the cessation of mevalonic acid derived products. Of the 
products monitored, only the polyketide pigments and 
extracellular lipids ('Crude toxin') continue to accumulate 
throughout the incubation period.
Perhaps the most salient feature of morphological 
change illustrated in figure 3.1.a. is the time dependent 
diminution in pellet size to the point where growth becomes 
primarily filamentous. Toxin production takes place 
primarily in the phase during which pelleted growth 
predominates whereas lipid accumulation and polyketide 
production maximize later, coincident with the phase of 
filamentous development. Greenhalgh, et a l . (1988) have
confirmed that BNM supports exceptionally early production 
of trichothecenes in comparison to complex media, an order 
of events contrary to those reported for F\_ moni1iforme
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wherein the polyketide, bikavarin, was produced before the 
diterpene gibberellic acid (Bu’Lock, et a l ., 1974).
Observations such as these which correlate a 
biochemical process with a morphological process have been 
used to support the widely held hypothesis which has 
morphogenesis causally linked to secondary metabolite 
production. Certainly secondary metabolites are often 
associated with differentiated structures as has been 
discussed and, indeed, as the model in Figure l.b. predicts. 
Cullen, et. a l . (1982), report an enhanced toxin yield from 
F. triclnctum and fVj_ sporotrichloides on vermiculite as 
opposed to standing liquid culture which could imply that 
the development of attached growth is beneficial to toxin 
formation. Greenhalgh, et al. (1983), however, in looking at 
physical factors in more detail, showed that whatever 
impetus attachment might give to toxin biosynthesis, other 
factors could overcome it and extinguish toxin yield.
In the present study, the anomalous smoothly pelleted 
growth form referred to as *brain growth' mimics the 
early to middle phases of growth in that T-2 toxin is 
produced freely (Fig. 3.1.d.) whereas polyketides are not. 
One might argue, however, that this slow growing form is too 
anomalous to provide a useful model of differentiated 
growth. In shaken culture, vermiculite addition did not 
alter the yield of toxin markedly; there is no evidence here 
that attached growth is more biosynthetically active (Fig.
3.1.r.).
Coincident with morphological development in batch 
culture, many other features also change with time. A 
priori, these are as likely to provide a causal basis for
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the onset o£ secondary metabolic activity as are the more 
obvious morphological manifestations of the passage of time. 
Medium pH changes with growth in batch culture and the 
basis for this pattern of pH change is due to the uptake of 
ammonium and nitrate . There is rapid uptake of ammonium 
compared to nitrate, initially, and there is a requirement 
for the cell to accompany cation uptake with hydronium ion 
excretion and, later, accompany anion uptake with hydroxyl 
ion excretion. The period of rapid toxin production is
coincident with the increase in pH from its minimum value of 
somewhat less than 3.5 (Figures 3.1a. & b.) and the point at 
which ammonium ceases and nitrate begins to be the major
nitrogen source.
To evaluate the isolated effect of pH on performance in
batch culture, pH controlled sequential batch, stirred
fermentation in dilute BNM was conducted (Figures 3.I.S.- 
v.). Except at pH 7.0 where growth rate is higher, growth is 
not markedly affected by pH. Toxin yield is, however, and if 
the results are expressed on a dry weight basis this is even 
more marked (Table 4.a.).
Table 4.a. Production of spores and T 
batch, pH controlled culture. Data 
sampling in each case.
pH no 4.0
control
T-2 toxin 2.2 0.5
jug/mg
sporulation 1 0.3
x 10“5/ml
If sporulation is taken as an index of differentiation,
-2 toxin in sequential 
are from the last
5.5 7.0
1.0 0.4
170 110
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there is no correlation between toxin production and 
differentiation. Furthermore, these data suggest that there 
is no optimal pH for toxin formation as such; the highest 
yielding conditions proved to be those in which the pH 
changed throughout the incubation. It could be that in the 
relationship between pH and toxin production, the optimal pH 
is different for different stages of development in batch 
culture. On the other hand, it is clear that pH itself has a 
major effect on the developmental process in liquid culture 
including an irregular, possibly indirect, effect on toxin 
production.
In the absence of any systematic or unmitigated effect 
of pH itself, the coincident changes in nitrogen 
assimilation referred to above can be evaluated. In 
biosynthetic terms, a change from ammonium assimilation to 
nitrate assimilation would imply a large additional demand 
for NADPH (Pateman & Kinghorn, 1976). Traditionally, the 
pentose phosphate pathway (PPP) is identified as the main 
source of the biosythetic co-factor and indeed nitrate has 
been shown to stimulate PPP activity (Hanklnson & Cove, 
1974). More recently it has been suggested that the mannitol 
cycle which, in effect, converts NADH to NADPH through an 
NADH mediated reduction and an NADP mediated oxidation, can 
supply the total cellular requirement for NADPH (Hult & 
Gatenbeck, 1978). Like PPP activity, nitrate stimulates 
mannitol cycle activity (Niehaus & Jiang, 1989). The net 
result of the requirement for NADPH in the reduction of 
nitrate and the stimulation referred to above is reported to 
be a surplus of NADPH (NADPH/NADP ratio increases) which, in 
turn, stimulates lipid biosynthesis at the expense of
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polyketide formation. Of course in addition to reducing 
power, acetate is also required for lipid biosynthesis. If 
there was only the PPP available to generate the NADPH 
reducing power, it would seem likely that acetate, as a 
consequence, would be in short supply. The mannitol cycle, 
however, could answer this objection. A complementary piece 
of indirect evidence where a low NADPH/NADP ratio favours 
polyketide biosynthesis over lipid biosynthesis lies in the 
observed zinc requirement for aflatoxin biosynthesis in 
Aspergillus (Gupta et a l ., 1977). It turns out that zinc is
a potent inhibitor of both the initial PPP enzyme, glucose- 
6-phosphate dehydrogenase (Niehaus & Dilts, 1984) and the 
NADP dependent dehydrogenase in the mannitol cycle (Niehaus 
& Dilts, 1982).
In Fusarium. work of this detail has not been reported, 
nevertheless, it may serve as a point of reference for 
evaluating the response of F. sporotrichioides to conditions 
of nutrient imbalance (Figure 3.1.i.). Carbon/nitrogen 
ratio, per se, appears to play little role in the regulation 
of T-2 toxin formation although under carbon limitation 
polyketide production is inhibited (C/4). Any systematic 
effect which nitrogen limitation might tend to exert is 
swamped by the massive influence of the form in which the 
nitrogen is supplied. In the N/4 as NO” treatment, 
extracellular lipid, polyketide and T-2 toxin are all 
reduced, whereas mycelial lipid comprises some 20% of the 
biomass as opposed to about 5% in the control and a normal 
maximum value of less than 9%. This result is consistent 
with the model discussed above where lipid biosynthesis is
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favoured when nitrate is present to stimulate NADPH 
production and produce a high NADPH/NADP ratio. In this 
case, terpene biosynthesis responds as does polyketide 
activity and is inhibited. During the normal progression in 
batch culture, however, net terpenoid biosynthetic rates 
reach maximum values while nitrate (and glycine?) is the 
major form of assimilible nitrogen and mycelial lipid 
accumulation is greatest when carbon assimilation has fallen 
to a low rate rather than during nitrate assimilation. On 
this basis, the marked enhancement of toxin yield in the N/4 
as NH* treatment is also unexpected since maximum terpenoid 
activity doesn't coincide with the period during which 
ammonium is most actively taken up. On the other hand, the 
energetics of ammonium utilization might well be expected to 
promote lipid biosynthesis if the lack of demand for NADPH 
in nitrogen assimilation is more than offset by the lack of 
nitrate induced stimulation of NADPH production to produce a 
low NADPH/NADP ratio.
It would appear, regarding nitrogen nutrition, that 
none of the time dependent changes discussed above could be 
said to cause the observed changes in the biosynthetic 
program. On balance it would appear that neither energy 
supply, which must delimit what is possible, nor the demand 
for reducing power can be said to exert exclusive control 
over the metabolic product of growth.
The nutrient imbalance treatments might generally be 
characterized as lacking the patterns which might be 
predicted to arise based on the known interelationships of 
the biosynthetic pathways (see Figure I.e.). Polyketide and 
terpenoid activities might be expected to show competition
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for shared substrates (acetyl-CoA & NADPH) by a degree of 
mutual exclusion. Apparently, in fact, both can be inhibited 
(1/4 N as NO') or both promoted (P/4) or polyketide activity 
left unaffected while terpenoid activity is promoted (BNM/4) 
or polyketide biosynthesis inhibited while terpenoid 
activity is left unaffected (C/4). Furthermore, ergosterol, 
the other terpenoid which was routinely measured, 
neither mirrors nor shows a negative correlation to T-2 
toxin despite farnesyl pyrophosphate serving as the 
intermediate for both products. It would appear that the 
various biosynthetic branches are regulated independently.
Mycelial lipid accumulation above the control is 
reflected in several cases by increased secondary metabolic 
activity. The main exception (N/4 as NOg) to this pattern, 
unfortunately,is the most extreme case, in which both the 
terpenoid and polyketide products are strongly inhibited 
despite enhanced lipid production. On balance, perhaps this 
could represent a tendency for the joint activation of 
malonyl based and mevalonic acid based pathways. It would 
seem necessary to describe this hypothetical joint 
activation as a tendency precisely because of the 
exceptions. Manifestly there are other factors involved such 
that the joint activation does not always obtain unless the 
lipid induction seen in the M/4 as NO3 treatment, for 
example, is assumed to represent a quite different spectrum 
of terpenoid and polyketide secondary metabolites thus 
explaining the exception.
Several other points deserve mention before we leave 
the discussion of nutrient limitation. Phosphate limitation
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enhances the yield o£ secondary metabolites while inhibiting 
the accumulation of mycelial lipid against the tendency 
hypothesized above. The yield of T-2 toxin and, indeed, 
ergosterol is sensitive to overall nutrient availability. In 
the BNM/4 replicate the high mycelial lipid content might 
reflect a more rapid onset of the stationary phase in a 
medium with a lower carrying capacity. This could not 
adequately explain the high ergosterol and T-2 toxin levels, 
though, because these reach maximum expression well before 
the onset of stationary phase. Most nutrient conditions 
tested had little effect on the ratio of the two 
trichothecenes (DAS : T-2) varying consistently between 0.11 
and 0.19. In the case of N/4 as NH*where only a trace of DAS 
was produced, there is evidence, that nutritional factors 
can influence regulation even at the end of a long 
biosynthetic pathway.
It is a truism that medium composition affects growth
and secondary metabolism. The small study discussed above 
sought to establish what particular areas of biosynthesis 
the major nutrients most influence. It is to be expected 
that the simple experimental design employed would reveal 
tendencies mediated through primary metabolic activity 
rather than specific responses resulting from the actual 
non-availability of a nutrient species as the primary cause. 
The variety of these responses in respect of the 
biosynthetic product reiterates that a mould's response to a 
biocide is partially dependent on growth conditions : one
wouldn't expect a biocide applied in (N/4 as NO” ) to produce
the same response as that biocide applied in (N/4 as NH*).
Another frequently studied parameter of liquid culture
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is agitation rate, a change in which produces simultaneous 
changes in oxygen availability, carbon dioxide concentration 
and the shear force associated with a rapidly moving fluid. 
To optimise this parameter as the biocide assay was 
developed, two experimental designs were applied which 
yielded somewhat contradictory results. The first design 
comprised three separate time-course experiments, each 
conducted at one agitation rate and each using three 
equivalent single spore-line inocula. The second replicated 
one single spore-line inoculum and three agitation rates 
were compared simultaneously at a single point in time (both 
in figure 3.1.m.). The primary objectives of this exercise 
were to judge the importance of oxygen availability in T-2 
toxin biosynthesis and to discover whether agitation rate 
could be manipulated in order to maximize reproducibility.
It might be argued that using a single inoculum source 
and thereby allowing only the shaker rate to vary is the 
most reliable means of evaluating this variable. This 
protocol indicates that after a given period of incubation, 
higher mixing leads to higher yields of biomass and toxin. 
In addition, if these data are examined closely, it will be 
noted that the biomass specific toxin yield also increases 
with shaker rate over the range tested. Variability is least 
at intermediate shaker speeds.
In practice, of course, equivalent, rather than 
identical, inocula would be used throughout any study. In 
this respect the first protocol is more relevant since it 
approximates the relationship between shaker speed and any 
'invisible' factors involved in the process of raising
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inocula and setting up consecutive equivalent experiments. 
By this approach the results appear to be discontinuous: 
toxin yield, dry weight specific yield and variability are 
highest at the intermediate shaker rate. The other 
experimental approach showed that 180 rpm was not super- 
optimal, thus we are left to conclude that agitation rate is 
capable of affecting performance but is not a parameter of 
overwhelming influence. On balance, however, it was felt 
that a higher agitation rate tended to reduce variability 
thus 170 rpm was adopted as standard. This series of 
experiments also strongly points out the need to pursue 
specifically this 'invisible* factor or inoculum 
predilection as it has been referred to elsewhere (3.1.2.).
The remaining two physical factors which were examined 
are the effects of caramelization products (Table 3.1.n.) 
and of dark incubation (Table 3.1.p. and Figure 3.1.q.). The 
primary assay strain (TR-2) shows little response to 
elevated levels of caramelization products. These materials 
can cause an increase in extracellular lipid and T-2 toxin 
in the other strain tested (TR-1), a case of differential 
responses by strains to a physical factor. It was concluded 
that normal levels of caramelization products were 
acceptable and the compounded medium could continue to be 
autoclaved.
Light appears to play little role in growth or toxin 
formation, at least over the first 74 hr of incubation. 
Light does appear to have a role in morphogenesis, however, 
as the notes on the frequency of brain growth indicate (see 
section 3.I.3.4.). Clearly, the less interference from this 
growth form, the better, thus incubation with light was
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continued.
Although several physical factors were identified 
which, if altered, could produce an alteration in 
performance, sometimes even larger differences occurred 
between incubations which were 'identical1. F. 
sporotrichioides has no known teleomorph and all 
reproduction is therefore assumed to be strictly mitotic. It 
is possible that cytoplasmic factors or heterokaryotic 
segregation (see the introduction) could yield spores with 
different biochemical potentials. Furthermore, it was 
thought possible that the way in which an inoculum was 
raised and applied could be important in prejudicing the 
performance of an inoculum.
Inoculum density is an obvious candidate for 
investigation. Figure 3.1.f. shows that a lighter inoculum 
leads to a greater yield of toxin at a given biomass 
although toxin yield expressed as a function of time shows 
no such effect of inoculum density (data not shown). The 
data suggest that toxin production is not dependent on 
biomass thus terpenoid biosynthesis can't be dependent on 
nutrient depletion for initiation. On solid medium biomass 
could not be measured, however, yield is very responsive to 
inoculum density (Figure 3.3.15.C.). By converting the 
inoculation rates in liquid culture to two dimensional 
densities through mean nearest neighbour radii, it can be 
seen that in these terms the two sets of inoculation rates 
are comparable: 2200, 1700 and 350 spores/cm2 in liquid
culture compared to 4300, 1300 and 60 spores/cm2 in the TR-2 
data set on solid medium (Figure 3.3.15.C.). It might be
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that this density response is due to micro-colony 
interaction. In liquid culture, the developing micro­
colonies must coalesce in order to produce the relatively 
small number of large pellets from a large inoculum which is 
actually observed early in shake flask development (Figure
3.1.1.a.). This would tend to mask any inoculation density 
effect and permit early micro-colony interaction, perhaps 
thereby permitting toxin production at lower biomass 
thresholds at lower inoculation densities as occurs in 
liquid culture.
Before leaving the discussion of inoculation density 
effects, it is important to draw out a point bearing 
specifically on the biocide assay. If a biocide were active 
primarily against spore germination, as is sometimes the 
case, this would in effect make the inoculum lighter and 
might thereby enhance biomass specific toxin yield if a 
heavy inoculum were used. Such an effect, although real, 
could not be considered a primary activity of the biocide 
concerned and to that extent would be misleading. The 
inoculum effect, however, diminishes at low inoculum levels
4
so by adopting 1x10 spores/ml as the standard inoculum 
level this consideration can be set aside.
A second feature of the inoculum which might be 
expected to affect subsequent performance is its age. 
Indeed, the age of a propagule that is known to undergo a 
process of maturation and become metabolically somnolent 
demands characterization in this respect. Once again, three 
equivalent single spore-line inocula were tested at each of 
three incubation periods: 12, 19 and 26 day. The
performances of the 12 and 19 day inocula with respect to
174
specific toxin production are probably equivalent while the 
older inoculum appears to have a reduced toxigenic capacity. 
The young inoculum shows a high degree of variability, thus, 
for the purposes of this study, an interval between the two 
most acceptable results was adopted as standard (13 to 17 
day). Apart from the immediate aim of these experiments , 
they also suggest that the expression of a property (toxin 
production) can be modified by conditions that obtain prior 
to the actual expression of that property.
The experiments discussed above were conducted in 
order to identify sources of variability in the protocol and 
select conditions to minimize them while allowing the assay 
organism, sporotrichioides, to be toxigenically active.
Because the system, once developed, retained a significant 
degree of unattributable variability, it became important to 
characterize this property. For this purpose, a strictly 
phenomenological experimental design was applied (described 
in detail in section 3.1.2.3) in which biologically 
equivalent single sporelines were repeatedly grown under the 
conditions of the assay and the products measured. 
Variation in such a system must either be attributed to 
unidentified physical factors or considered to be a property 
of the biosynthetic system of the mould.
Comparison of the results in schedules A & B (Table
3.1.i.) distinguishes the behaviour of sequential sporelines 
- those which were raised from different soil culture 
reisolations - from that of parallel sporelines - raised 
from one reisolation. The comparison of schedules A & B can 
be extended by replicating one of the parallel sporelines
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and comparing it with the others (Figure In the
latter comparison, growth related measures and the terpenoid 
products show a smaller standard error excepting ergosterol 
and carotenoid which are roughly equivalent to their 
respective comparators. Malonyl derived products, however, 
are more variable between replicates o£ the 'one1 single 
sporeline in comparison with the 'nine* parallel single 
sporelines. In general, the means o£ the two sets o£ data 
correspond well and the means of the 'nine' sporelines in 
all cases but one fall within the max/min range of the 'one1 
sporeline data set.
The comparison between schedules A & B, however, shows 
a somewhat different picture. Here the means correspond 
poorly, so much so that, despite extensive replication, the 
means from schedule B are a standard deviation or more from 
the corresponding means from schedule A. The standard error, 
however, is generally similar and, in particular, the 
pattern of variability wherein growth and growth related 
products are more reproducible than secondary products, is 
similar. So it would appear that sub-samples of a population 
of spores, the product of a single sporeline, are generally 
more reproducible in performance than are discrete single
sporelines raised and grown in parallel and that equivalent 
single sporelines separated in tine (sequential) perform
with about this same degree of reproducibility. The
unexpected result is that the long term mean and a mean
drawn from a set of parallel single sporelines apparently 
needn't be comparable - the parallel sporelines do not 
generate results which are a subset of long term, sequential 
replicates although the two can overlap. This feature
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emphasises that all comparisons in the biocide study must be 
made strictly through reference to the relevant untreated 
control.
As guidance for the analysis of biocide activity, the 
point made above is the relevent one. By means of an aside, 
however, points of a more speculative nature might be put 
forward. It is evident that some replicate time courses 
yield low levels of trichothecenes, for example, and others 
yield high levels. Is it likely that the response to a 
biocide in an experiment in which the untreated control 
yield is low would be the same as that with a high yielding 
control? To rephrase the question: does a 25% induction
represent the same response in different replicate 
sporelines? At present this queston can not be answered, but 
it constitutes a proviso with which to temper interpretive 
certainty.
To return briefly to schedules A & B, if factors 
attaching to the passage of time accounted for all of the 
observed variability then schedule B would be markedly more 
reproducible than A. If variations in inherent properties of 
single sporelines accounted for all of this variability then 
schedules A & B would be strictly comparable, representing, 
as it would, twenty randomly chosen sporelines taken ten at 
a time. The actual behavior suggests a lack of 
predictability which might, on that basis, represent chaotic 
behavior. This is not to say that the system is 
indeterminate - a chaotic system is one in which any result 
within a region of possible results are equally likely. 
Interestingly, the application of a biocide to such a system
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might be expected to render it deterministic by driving it 
one way or another and thereby improving reproducibility.
Schedule C, when considered next to Schedule B, shows 
that cryogenic storage of spores manifestly affects their 
subsequent performance both in terms of variability and in 
terms of yield. A comparison of Schedules C & D demonstrates 
once again that the two strains, TR-2 and TR-1, which 
derive from the same isolate (see Section 2.1), respond 
quite differently, in this case, to cryogenic storage. In 
TR-2, the reduction in variability of performance (and in 
yield) brought about by cryogenic storage was considered 
likely due to an enfeeblement of biosynthetic activity 
rather than an authentic improvement of the assay protocol. 
It was also found that after cryogenic storage TR-2 was more 
sensitive to some biocides and induction of toxin formation 
by tridemorph (see 3.3.12.) could not be demonstrated (data 
not shown).
The interrelatedness of biosynthetic pathways in terms 
of shared substrates and cofactors suggests the possibility 
that a biocide mediated influence on one product could cause 
the indirect inhibition or induction of others. By examining 
sporeline yield rankings in each of several products 
grown under standard conditions, such tendencies could arise 
in the form of correlations between the yields of the 
products as the sporelines express their native variability 
(Table 3.1.k.). This data is reconstrued in Table 4.1.b. in 
terms of the average ranking of the high medium and low 
growth rate sporelines for each product.
As previously, the cryogenically stored sporelines 
(schedule C) show a relatively regular pattern wherein the
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faster growing sporelines are distinguished from the slower 
ones (excepting Polyketide and Effluent lipid) and there is 
a general adherence to the dry weight rankings.
Table 4.1.b. The average ranking of high, medium and 
low biomass yielding sporelines from the experiments in 
Tables 3.1.i-k. Yields are normalized to dry weight.
Schedule
Dry wt. 2.0
A
5.5 9.0 to • o
B
5.5 9.0
o
•
CM
C
5.0
o
•
00
Lipid 6.0 3.8 7.0 4.3 5.4 6.8 2.8 6.7 6.0
Ergost. 4.5 5.5 4.3 5.0 5.3 6.3 3.3 6.3 5.0
Efl. lipid 6.0 3.8 6.7 4.5 4.8 5.8 5.0 4.0 5.0
Polyk. 4.0 4.6 6.3 3.0 7.5 5.0 4.0 4.3 6.7
DAS 7.7 2.8 6.7 5.5 6.3 2.8 2.0 6.3 6.7
T-2 7.0 3.8 6.3 4.5 6.3 3.8 2.0 5.3 7.3
Schedules A&B taken together, however, show no such 
pattern and taken individually tend to contradict each 
other except in that the fastest growing sporelines 
correspond to high polyketide activity and relatively low 
trichothecene production. It would appear that, at most, 
only weak trends are revealed in the ranking analysis and 
there is little evidence of any very powerful connection 
between the mechanisms controlling synthesis of the products 
measured. Excepting, perhaps, a connection between the 
trichothecene products DAS and T-2 toxin, these data do not 
support the possibility of an inhibition of one product 
actually causing a deviation from the expected yield of 
another. On the contrary, they suggest that the biosynthetic 
pathways are regulated independently, despite the 
theoretical basis (shared substrates and cofactors) for 
expecting interdependency.
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4.2 EFFECTS OF BIOCIDES
In following the strategy of the chemical control of
agricultural pests, the skill of the organic chemist has
produced a prodigious collection of chemicals which are
bewilderingly diverse both in terms of chemical structure
and biological activity. While a good deal of information on
biological activity of the ED type and of mammalian
50
toxicology is available for the licensed products, details 
of their mode of action in the target organisms are often 
sketchy. Nevertheless, it was considered likely that if the 
'right' biocides could be found, a study of regulation 
of secondary metabolism along lines that had proved 
successful with primary metabolism - inhibitor studies 
would be feasible. The main reservations attaching to this 
approach must revolve around the difficulty in ascertaining 
the activity of biocides, the degree of specificity 
required of them and the apparently inducible character of 
secondary metabolic activity (as against the largely 
constitutive character of primary metabolism).
The biochemical mode of action of biocides, by which is 
meant the subcellular activity of the chemical leading to 
inhibition or death of the cell, invariably retains a 
speculative element. Usually alterations in cellular 
metabolism can be readily identified but, of the observed 
changes, distinguishing those which are primary to the mode 
of action from those which are secondary is difficult. To 
take one example, tridemorph treated cells show at least 
three responses. Kaars Sijpesteijn (1972) first suggested 
direct interaction of the biocide with the plasmlemma as the
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mode of action. Fischer (1974) detected an inhibition of 
protein biosynthesis to which he ascribed its activity and 
Kerkenaar et. al.. (1979) described ergosterol inhibition as 
its principal mode of action.
In inhibitor studies, particularly those treating of 
non-essential pathways, relevent activity needn't contribute 
to the death of the cell and mode of action studies are only 
useful guides. Recently, the desire for compounds with ever 
lower general toxicity has fostered the development of 
products which are, in biochemical terms, narrowly targeted 
(Bent,1979 ; Berg ejt a^., 1986 ) . These products should be
less ambiguous in their activity, and therefore more useful 
in this connection, than the older biocides such as maneb, 
zineb and captafol which are reported to affect all manner 
of cellular processes.
The other side of the specificity question lies with 
the enzymes themselves. As has been discussed in the 
introduction, there is some doubt as to the degree of
specificity which the enzymes of secondary metabolism 
retain. Quershi et_ al. (1973) have reported, for example, 
that squalene synthetase will catalyze the synthesis of 
lycopersene, a carotenoid, if provided with geranylgeranyl 
pyrophosphate rather than farnesyl pyrophosphate. Although 
many cytochrome P-450 type enzymes have been reported, the 
specificity and diversity in this important class of
enzymes, particularly in microorganisms, is a matter of
debate (Black & Coon, 1987). The basis for the targeting of
P-450 active fungicides to fungi as opposed to mammals, 
however, relies on a degree of enzyme specificity. The
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mammalian isoenzyme for 14-demethylation of lanosterol (in 
cholesterol biosynthesis) has a much lower affinity than the 
fungal homologues (in ergosterol biosynthesis) for these 
fungicidal agents (Van Den Bossche et. aJL.,1984 ; Wiggins & 
Baldwin, 1984) .
The main problem which arises where specificity is 
lacking is one of distinguishing direct responses from
indirect ones. Let us say a particular biocide is known to 
act on a particular area of biosynthesis. When applied, 
however, another area of metabolism is also observed to be 
affected. Do we interpret this as an inhibition of one area 
of metabolism causing a response in another, thereby 
supporting a regulatory link, or as the presence of similar 
enzymes in two different pathways which are not very
specific? Nevertheless, such questions could be approached 
experimentally. Responses to permutations of nutrition or of 
physical parameters such as agitation rate, temperature and 
pH, however, are too complex to be helpful in the same way.
The fact that secondary metabolism is not constitutive 
also leads to dilemmas of interpretation and in experimental 
design. Clearly, inhibition won't be expressed in an 
inactive pathway and, to the extent that the degree of 
expression is naturally variable, one might expect the 
degree of inhibition to be variable but it may not be 
possible to fully account for this in comparing treatments 
in equivalent but different experiments.
With respect to experimental design, the time dependent
change in the biosynthetic activity of moulds during
development means that any number of protocols are 
imaginable. Furthermore, it might be expected that the
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influence of a given biocide be manifest differently if 
applied at different times during mould growth and
development. Under these circumstances it is difficult to 
exclude the possibility that a lack of any particular
activity is due to inactivity of the pathway rather than 
specific inhibition by the chemical applied. Reference to an 
untreated control is indispensable but treatments which 
affect growth are thereby pervasive in their effects on 
development, both morphological and biochemical. The
approach of this study in accounting for this fact is 
through a broad analytical program so that the evaluation 
of a response can make reference to as many biosynthetic 
activities as practicable.
Although completely satisfactory solutions to the
problems raised above are not always to hand, the value of 
the inhibition study approach can best be extracted if the 
shortcomings are first delineated. In fact, Desjardins ejt 
a l . (1987) have used the plant growth regulator ancymidol to 
reveal some of the steps in trichothecene biosynthesis. 
Graebe (1987) and Benveniste (1986) have recently reviewed 
the use of inhibitors in the study of the biosynthesis of 
gibberellins and sterols, respectively. The ease with which 
mutants resistant to the narrow target biocides can be 
induced (Barug and Kerkenaar, 1984) suggests a potentially 
very exciting variation to this approach where the response 
of the parental strain could be compared to that of a 
spectrum of resistant mutants.
Activity of fourteen biocides against F . 
sporotrichioides was studied in detail. These include three
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herbicides, one pesticide and ten fungicides. Initially, 
growth inhibition thresholds were ascertained (Table 3.3.a). 
These data were applied in a time - course format to set one
application rate at the 75 h ED and a second concentration
50
just outside the growth inhibitory range.
The results of these biocide trials are presented in 
sections 3.3.1 to 3.3.14 in a standard format as far as 
possible. First, a graphical representation of the time- 
course of biomass and T-2 toxin yield is given (3.3.n.a). 
This is followed by a graph showing the relationship between 
biomass and biomass specific rate of production (BSRP) 
(pg/g/h) of T-2 toxin (3.3.n.b). Because biocide treatments 
affect growth rate, the link between incubation period and 
development is disrupted. Although not an ideal solution, 
dry weight has been used throughout the study to represent 
the developmental status in place of time. Lastly, an array 
of histograms is given in which the biomass specific yield 
(BSY) of four biosynthetic constituents (T-2 toxin, 
chloroform extractable lipid, ergosterol and extracellular 
polyketide pigments) in each of four identifiable growth 
stages of batch incubation. Again these stages were judged 
by dry weight and correspond to the expected biomass of the 
untreated control at the beginning, middle and end of linear 
growth (ca. 250, 500, 800 mg/fl, respectively) and after the 
onset of biomass loss (3.3.n.c).
Table 3.3.a. reports the ED data for these fourteen
50
and several other biocides as well as concentration 
thresholds for growth promotion and the range of apparent 
sub-lethal activity. Although there is anti-fungal activity 
represented in all of the biocide groups, it is notable that
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amongst fungicides, where F\_ sporotrichioides is sensitive 
at all, the top end of the range of sub-lethal activ ity is
close to the ED value. This is not the case with non-
50
fungicides even though some of these compounds have
remarkably low ED values. Growth promotion is shown to be
50
fairly common, whether most probably due to the utilization 
of a non-inhibitory substance as a nutritional supplement 
(simazine, perhaps) or some less obvious means.
4.2.1. The Positive Control
Catabolism and anabolism are inextricably linked and it 
might be expected that a chemical which represses growth
would, in doing so, indirectly effect a change in secondary 
metabolism. Aside from reference to an untreated control, 
comparison to a treated 'control' can usefully be made. A 
'positive control' in this context refers to a biocide which 
acts against growth related metabolism as its primary 
activity. In practice, control of this type is not 
incontrovertably achievable, but by examining biocides with 
broad anti-enzyme activity (maneb, zineb and captafol) and 
others which are thought to affect neither assimilative nor 
oxidative processes (carbendazim and vinclozolin), such a 
control can be constructed.
The mode of action of carbendazim, as has been 
discussed is generally accepted to be through preventing 
mitosis while not affecting RNA or protein synthesis (Kaars 
Sijpesteijn, 1977). Even though this mode of action is well 
established and manifestly removed from secondary 
metabolism, it, as we have argued, is not necessarily 
independent of secondary metabolism. Parisot (1984) has
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reported it to induce the production of polyketide pigments 
in Nectria haematococca/ for example.
In the present study, the high dose rate was well above
the ED target producing grossly distorted and very slow 
50
growth but no effect on the BSY of T-2 toxin. The apparent 
brief maximum in the BSRP of trichothecene with this 
treatment could largely be a mathematical artifact due to 
the very small biomass which is not fully compensated for by 
the long incubation time in the denominator of the 
expression (pg T-2/g B/h). However, if untreated material 
is sampled during the very early period of growth, it is 
clear that T-2 toxin is normally produced vigourously at the 
outset of growth, then ceases before resuming once again 
(Table 4.2.1.a).
Table 4.2.1.a. Early dynamics of T-2 toxin production 
by TR-2 in liquid shaken culture (BNM). BSRP = biomass 
specific rate of production; BSY = biomass specific yield.
Incubation Biomass BSRP Yield BSY
t (h) t mg pgT-2/g/h jugT-2/f 1 pgT-2/g
9.5
19 5
158
7.5 1500
24
29 9
0
7.5 835
36
43 86
7
12.5 145
46
48 187
21
23 125
The only evidence of the presence of a biocide at the 
low dose rate is to be found in the morphometric data which 
indicates an increase in branching frequency (or a decrease 
in elongation rate) in treated material during the middle of 
the growth phase (Table 3.3.4.d). Early and late in the 
growth phase the relationship between treatments is
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reversed.
Vinclozolin's activity is more contentious than that of
carbendazim but it seems to act against cell wall synthesis
and, like carbendazim, not against oxidative cellular
activity (Leroux & Fritz, 1984). Only an ED dose rate was
50
applied in this study (300ppm) and had very little effect on 
the yield of T-2 toxin. Early in the incubation, however, 
this treatment markedly inhibits BSY and BSRP of toxin both 
of which later out-strip the control toward the end of the 
growth phase. BSY of lipid is little over 50% of control 
while that of ergosterol is several times the control yield. 
The data for polyketide is incomplete but the BSY of this 
product is abnormally low in the middle growth phase which 
could reflect a delay rather than an inhibition, per s e .
These two biocides elicit somewhat different responses 
although the anti-fungal activities they are thought to 
provide are similar in kind. Of the components measured, 
trichothecene production was perhaps least affected because, 
although development was disrupted and to an inadvertantly 
extreme degree in the carbendazim experiment, the yield was 
restored to normal. Ergosterol, another mevalonate derived 
product, showed substantial induction while the lipids, 
largely malonyl derived, and the polyketides, less reduced 
malonyl products, were inhibited by vinclozolin. The 
picture, here then is of substantal intervention in the 
production of the compounds measured, excepting T-2 toxin 
which tended to maintain its relationship with assimilation. 
The presumption is that the changes noted above are effected 
through the inhibition of the growth process and not even 
through interference with energy acquisition as the next
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group of fungicides are thought to act.
Maneb and zineb are said to oxidise and form a reactive 
thiocyanate which reacts with thiols including thiol- 
containing proteins and this is presumed to disable numerous 
assimilatory enzymes (Kaars Sijpesteijn, 1984). Presumably, 
differences in activity will be related to the difference in 
the chelated metals in the two compounds, zinc and 
manganese. Zineb shows a very regular influence on the 
morphometric features, particularly in the length to the 
first branch which diminishes with concentration (Table
3.3.14.d). This suggests that the treated mycelia are more 
branched than the control.
The two bisdithiocarbamates affect the BSRP of
trichothecene in a similar way, the features of which
include a slight inhibition later in development being
preceeded by early induction. The induction is very much
more marked with maneb but this is probably due to the
greater degree of growth inhibition which the *high*
treatment actually exerted. If the ’low' maneb treatment,
which is a good ED treatment, is compared with the * high'
50
zineb treatment, also a good ED treatment, the similarity
50
in the BSRP of T-2 toxin is clear. In terms of yield, 
however, zineb appears to inhibit toxin accumulation 
somewhat more than maneb, particularly at the growth non­
inhibition level of biocide application.
Perhaps the most remarkable feature of maneb*s effect
on the biosynthetic product is the induction in BSY of
lipids at the *high* inhibitory level. Polyketides are 
unaffected, trichothecenes slightly inhibited and ergosterol
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shows a marginal enhancement. These data may be the unique 
result of extreme growth inhibition recalling that the 
'high' maneb treatment (3ppm, a.i.) inhibited growth not the 
50% intended but something around 95% over 75h. On the other 
hand, if cellular zinc were to exchange for the chelated 
manganese of maneb, it is feasible that the zinc sensitive 
dehydrogenases of the PPP and mannitol cycle could become 
de-repressed leading to a high NADPH/NADH ratio and enhanced 
production of reduced malonyl products, as has been 
discussed in relation to nitrogen metabolism. This should 
have also led to trichothecene inhibition since trichodiene 
synthetase, recently purified, has been shown to be strongly 
inhibited by manganese (Hohn & Vanmiddlesworth e_t a l ., 
1986).
Captafol is another biocide with an uncertain mode of
action but the mechanism is thought to be similar to the
bisdithiocarbamates (maneb and zineb) in reacting with
thiols and disabling such proteins as contain them. Its
activity affecting trichothecene biosynthesis is similar to
the bisdithiocarbamates but the early marked increase in the
BSRP of trichothecene occurs somewhat later in development.
Once again, this experiment proved to be somewhat more
inhibitory than intended making comparison to growth non-
inhibitory resposes impossible. Nevertheless, it is clear
from the 'low' treatment of captafol, a good ED treatment
50
(lOppb, a.i.), that biosynthesis of lipid products shows a 
slight inhibition, much less so than growth.
Comparison of five biocides, the modes of action of 
which are directed primarily or exclusively against growth 
related cellular activities, shows consistencies which, it
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is reasonable to assume, are characteristic of this type of 
growth inhibition. The goal in approaching the data in this 
way is to ascertain what changes in lipid biosynthesis one 
might expect as an indirect consequence of the inhibition of 
growth.
Not surprisingly, morphological changes are marked with 
initiation of branches occurring closer to the hyphal tip. 
In general, these biocides increase the length of the lag 
phase rather than reduce the growth rate as it inhibits 
biomass yield. Whether this is due to selection of resistant 
phenotypes, gradual metabolism of the biocide or a 
reflection of differential sensitivity to these agents by 
early developmental stages, these morphological changes, 
occurring as they do during rapid growth, are unlikely to be 
the cause of the inhibition of growth. They could, on the 
other hand, ameliorate the effect of a reduction of the 
linear extension rate by producing more hyphal tips. 
Presumably, the inhibition of growth related metabolism 
brought about by the sub-lethal dose of biocide could be 
corrected by an increase in the affected enzymes and 
organelles associated with the hyphal tip. This hypothetical 
reorganisation does not appear to occur at the cost of lost 
assimilative efficieny since the carrying capacity (K) does 
not diminish with these treatments and eventually the usual 
maximum biomass is reached. This suggests these agents do 
not function as cytochrome uncouplers, for example, but 
rather prevent utilization of substrate.
Macroscopically, an enhancement of pelleted growth at 
the expense of attached and filamentous development and, at
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high inhibitory levels, induction of 'brain' growth was 
observed. This raises once again the issue of morphology's 
connection with the biosynthesis of lipophilic products 
without proposing a resolution. What can be said is that 
these five biocides tended to affect growth and morphology 
to a greater degree than lipid biosynthesis. The exceptions 
to this generalization include the tendency for the BSRP of 
T-2 toxin production to be temporarily raised, maneb's 
induction of lipid at a high inhibitory concentration and 
the induction of ergosterol by vinclozolin which was also
somewhat active in inhibiting other products.
The overall picture that emerges is one in which the 
inhibition of growth, of itself, appears to alter only
slightly either the quantitative relationship between the 
constituents of lipid biosynthesis or that between biomass 
production and lipid biosynthesis. Trichothecene 
biosynthesis is particularly stable to these biocides over a 
complete batch incubation but on a short time scale proved 
to be fairly labile. Because the exceptions noted above do 
not form a pattern, they would seem best considered to be 
the result of specific interactions between biocide and
fungus rather than a response to growth inhibition. In
conclusion, 'the positive control' suggests that growth
inhibition leads to a minor reduction in the biomass
specific yield of lipid products. Through the course of a
batch incubation, however, substantial, usually temporary 
changes can occur underlining the importance of
developmental status in evaluating resposes in growth 
inhibitory treatments.
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4.2.2. The Ergosterol Biosynthesis Inhibitors (EBIs)
The inhibition of ergosterol biosynthesis has become a 
major focus for the development of fungicides with broad 
spectrum activity and low animal toxicity. The two sites of 
action which have emerged as the most approachable are the 
inhibition of cytochrome P-450 mediated C-14 demethylation 
and the A 8”47 isomerisation of fecosterol. Compounds that are 
active against cytochrome P-450 always contain some sort of 
carbon/nitrogen aromatic heterocycle and those blocking 
episterol formation, a morpholine ring. The fact that 
carbendazim (a benzimidazole), simazine and atrazine 
(triazines) do not appear to have any / P-450 activity is 
unlikely to be due to an incapacity of these compounds to 
coordinate the cytochrome haem but rather due to them 
lacking a shape appropriate to the active site on the 
cytochrome. Interestingly, at least some EBIs are reported 
to inhibit mitotic spindle formation in the same way as the 
benzimidazole fungicides (Bellincampi et_ ajU, 1980). The
specificity of these agents, then, seems to reside to a 
significant extent in the shape and character of the 
lipophilic part of the molecule as well as in the haem- 
binding moiety, i.e. the C/N heterocycle.
For a general view of these compounds and their 
activity, numerous reviews are available (Siegel, 1981: 
Vanden Bossche et. a l . , 1984; Borgers, 1985; Berg et a l .,
1986; Sisler & Ragsdale, 1984; Gadher ejt a l ., 1983 and
Ellames, 1982) but for the present discussion a few points 
relating to the specificity of these compounds might 
usefully be brought forward. Included amongst the biocides
tested are two morpholines (tridemorph and fenpropimorph), a 
pyrimidine (fenarimol), an imidazole (prochloraz) and a 
triazole (propiconazole).
In addition to inhibiting sterol biosynthesis, 
pyrimidines have been shown to inhibit trichothecene and 
gibberellic acid biosynthesis. Desjardins et^  a l . (1987) has 
reported the accumulation of trichodiene in several 
toxigenic Fusaria in response to the plant growth regulator, 
ancymidol. The clear implication here is that ancymidol, 
which had previously been shown to inhibit the cytochrome P- 
450 involved in ent-kaurene oxidation and C-14 sterol 
demethylation (Coolbaugh et. a l . , 1978; Coolbaugh et. a l . ,
1982) also can inhibit the somewhat conjectural cytochrome 
P-450 involved in molecular oxygen addition to the 
trichothecene nucleus (Des jardins et, a l . , 1986). Like
ancymidol, the pyrimidine fungicides fenarimol and triarimol 
inhibit ent-kaurene oxidation as well as what is considered 
to be their mode of action, C-14 demethylation inhibition of
triarimol fenarimol ancymidol
Figure 4.2.a. Three substituted methanol-5-pyrimidines, 
one of them a plant growth regulator (ancymidol), the other 
two fungicides.
sterols, but show very different degrees of activity against
C!
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these sites in comparison to ancymidol (Coolbaugh et. al., 
1982; Shive & Sisler, 1976; Sisler et al., 1984).
From this we can infer that the enzymes in these three 
areas of terpene biosynthesis are discrete but similar. 
These studies also demonstrate the importance of the 
lipophilic portion of the biocide in determining site and 
specificity of biocide activity.
Bifonazole and clotrimazole, like prochloraz, are 
imidazoles but differ significantly in the lipophilic 
portion of the molecule. All three compounds inhibit C-14
bifonazole prochloraz clotr imazole
N.
O —C H 2—C H j — N —C3H/n 
CO
CH
Figure 4.2.b. Three imidazole fungicides.
demethylation of sterols and cause the accumulation of 
various C-14 methyl, C-4 desmethyl sterols (Berg ejt a l ., 
1984). In addition to this, however, bifonazole also 
inhibits 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 
reductase, the first deterministic step in terpenoid 
biosynthesis, and results in a marked reduction in total 
sterols rather than a simple change in the proportion of C- 
14 methyl : C-14 desmethyl sterols as with clotrimazole
(Berg et a l .. 1984). In fact, the situation is somewhat more 
complex because Berg's et_ al.. (1984) survey of dermatophytes 
showed that in some species, total sterols were more
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strongly inhibited by clotrimazole than bifonazole but in no 
case was there overproduction of sterols. Based on a general 
similarity in shape, one might anticipate prochloraz to 
resemble bifonazole more than clotrimazole in its activity. 
Here, too, is evidence that this important enzyme has 
structural similarities at its active site with the sterol 
C-14 demethylation cytochrome.
HMG-CoA reductase isoenzymes from fungal, plant and 
mammalian sources are inhibited by at least three fungal 
metabolites. Citrinin is produced by various Penicillium 
species and Pythium ultimum (Kuroda et a3^., 1977) and is
chemically distinct from the other two metabolites. ML-236B 
was first isolated from Penicillium citrinum (Endo et a l ., 
1976) but since it was later isolated from Penicillium 
brevicompactum carries the name compactin (Lewer & 
MacMillan, 1983). Mevinolin, which differs by a single 
methyl group from compactin, was isolated from Aspergillus 
terreus (Shiao,1983; Bach & Lichtenthaler, 1983).
As one might expect, the homologous enzymes are not 
equally sensitive to these metabolites. In all cases, 
however, terpenoid biosynthesis is generally inhibited and 
the effects of the inhibition reversed by feeding with 
mevalonic acid or mevalonolactone. That the inhibition is 
general can be seen best in the plant model where inhibition 
is reversed and growth restored only by the addition of 
mevalonic acid, not by the diterpene plant hormone 
gibberellic acid (Bach & Lichtenthaler, 1983).
Another site for antimycotic activity which is of 
interest is at squalene epoxidase, the non-cytochrome enzyme 
system which cyclizes squalene to form lanosterol (Paltauf
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et a l ./ 1982; Ryder, 1985). Inhibition at this point in
sterol biosynthesis by naftafine or the allalamine SF86- 
327, has a quite different regulatory impact than at points 
further along the sterol pathways. Here squalene is produced 
up to about one hundred times the expected amount of total 
sterols. Evidently, whatever regulates the flow of FPP to 
squalene for sterol production has failed to operate. 
Furthermore, because this loss of regulation (or is it an 
induction) is not reported with the P-450 EBIs, the 
mechanism can not depend on low titers of ergosterol or 
other C-14 demethyl sterols.
The two leading morpholine fungicides, tridemorph and 
fenpropimorph, inhibit A 8 >7 isomerisation of fecosterol as 
has been reported above, but the detail of their activity is 
somewhat less straight foreward (Kerkenaar, 1982; Baloch et. 
a l . , 1984; Kato et. al.., 1980). Perhaps the most interesting
correlative effect of tridemorph is the increase of acetate 
incorporation into free fatty acids (Kerkenaar et. a l ., 
1979). The fact that supplements of certain lipids such as 
cc — tocopherol and trilinolein reverse tridemorph inhibition 
in Ustilago maydis and Botrytis aliii (Kerkenaar ejt a l ., 
1979) and that the sensitive species Aspergillus ochraceous 
accumulates free fatty acids whereas the resistant Mucor 
rouxii fails to (Weete & Wise, 1987), suggests that the 
morpholine mode of action may include areas in fatty acid 
biosynthesis.
Baloch et. al_. (1984 ) compared three fungicides, two of 
them morpholines, in their efect on sterol biosynthesis. 
They found evidence that cfl4 reductase was also inhibited
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fenpropimorph tridemorph fenpropidin
(CH3)3C c h 2.c h .c h 2— n  0,CH CH   N
CH.
CH3- ( C nH2n) -N ^  ^0
c h 3
n = 10.11; 12(60-70“/.) or 13
t-Bu
Figure 4.2.C. The two morpholine and one piperidin
fungicides compared by Baloch et_ al_., 1984.
and judged that whereas tridemorph acted more strongly on 
the isomerase, fenpropidin inhibited the reductase more 
strongly than the isomerase and that fenpropimorph was 
intermediate in both activities. Interestingly, the total 
sterol production was the same in all treatments but 
abnormal sterols, rather than intermediates, accumulated. 
Thus fecosterol accumulated significantly only in tridemorph 
treatments whereas ignosterol (a cf-8,cf-14 diene) and ' 14- 
dihydro ignosterol1 (ergost-8-enol) were the major 
accumulated products. Neither of these sterols are normally 
produced and this biosynthetic shunt is attributed to low 
enzyme substrate specificity. Evidently, FFP directed to 
sterol biosynthesis is controlled normally despite the 
product of these pathways being devient and, as previously,
the binding moiety, presumed to be the morpholine or
piperidine ring, does not alone define the specificity and 
activity of the agent bearing it.
Drawing from the work cited above, it is apparent that 
in terpenoid biosynthesis there are several enzymes which 
are similar enough to display limited cross-reaction with 
inhibitors. Predictably, inhibition of HMG-CoA, preventing
197
mevalonate production, strongly inhibits terpenoid 
biosynthesis generally. If squalene cyclization is 
inhibited, sterols are inhibited generally and squalene 
itself is overproduced by one to two orders of magnitude. 
Inhibition of sesquiterpenes, diterpenes and sterols can 
occur jointly, to a degree, because early in each
biosynthetic branch, P-450 based enzymes or enzyme systems 
show cross-reactivity to some inhibitors. The sesqui- and 
diterpene enzymes show the greatest similarity in this 
respect since ancymidol is very active against both but much 
less so against the C-14 demethylaton in sterol 
biosynthesis. Ergosterol, its intermediates and abnormal 
sterols appear to have little or no regulatory role, 
particularly within sterol biosynthesis, since none of the 
inhibitors which are active 'down stream' of lanosterol have 
any effect on total sterols. P-450 titer itself might have 
some regulatory role to play as has been suggested in
alkaloid production by Claviceps purpurea (Ambike et^  
a_l.,1970) and in ergosterol and carotenoid production by 
Blakeslea trispora (Bu'Lock & Winstanley, 1971). There has 
been no indication that P-450 EBIs increase P-450 titer, 
however.
In the present study, the 5-pyrimidine, fenarimol
appeared to have very little effect on the biosynthesis of
lipid products other than in delaying a fairly normal 
morphological and biosynthetic developmental pattern. At the 
growth non-inhibitory concentration (10 ppb, a.i.) there is 
some slight reduction in the BSY of total lipid but the
control levels are restored at the ED concentration.
50
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Ergosterol inhibition is not marked and there is an 
indication of inhibition of polyketide production at the 
high dose. Although the BSY of T-2 toxin suggests fenarimol 
has next to no effect on trichothecene production, Figure 
3.3.5.b shows clearly that at growth inhibitory levels of 
fenarimol there is a brief period of a very high BSRP of the 
toxin.
Prochloraz, an imidazole compound, appears to have less 
effect on T-2 toxin production than fenarimol although, it 
must be said, the same degree of inhibition was not 
achieved. As with fenarimol, the BSY of total lipid appears 
to be most sensitive to the activity of this fungicide 
including a marked inhibition by the growth non-inhibitory 
treatment and a slight induction at the high dose rate. 
Ergosterol yield was inhibited slightly at the low fungicide 
dose even though there is evidence of a slight enhancement 
of growth. Morphological effects were noted and these 
included an increase in pelleted development at the low dose 
rate and an inhibition of attached growth at the high dose 
rate. Trichothecene yield is unaffected and there is a 
smaller temporary enhancement of the BSRP of toxin than with 
fenarimol, although, again, at a lower growth inhibitory 
level.
Propiconazole is a triazole fungicide and the last of 
the P-450 EBIs tested in this study. Unlike the previous 
two, propiconazole shows a clear inhibition of trichothecene 
production, both of rate and yield. Ergosterol and total 
lipid are also inhibited strongly although there is clear 
evidence of a recovery in ergosterol content with growth. 
The effluent polyketides show no inhibition and the total
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extracellular lipid (data not shown), unlike mycelial lipid, 
also is at control levels. Morphologically it was noted that 
filamentous growth is encouraged at the expense of pelleted 
and attached growth.
Fenpropimorph proved to be a less efficacious
morpholine fungicide against F\_ sporotrichioides than the
other morpholine in this study, tridemorph. Ergosterol is
inhibited to about the same extent at both application rates
and the degree of growth inhibition does not correspond to
the degree of ergosterol inhibition. Contrary to the
propiconazole pattern, this inhibition is not relieved as
growth continues. There is also evidence of polyketide and
total lipid inhibition but the most marked inhibition is
that of T-2 toxin later in development. At the high dose
rate the BSRP of trichothecenes is initially much greater
than in the control whereas at the low dose rate, early
trichothecene production is almost nil. This situation is
accompanied by the early enhancement of sporulation and
filamentous growth. As growth continues, the low dose
treatment permits a return to control levels while, in the
ED treatment, the BSRP of trichothecene becomes negative 
50
at a biomass where the control reaches its maximum rate.
Tridemorph, the other morpholine studied, was examined 
in more detail than the other biocides because of the
profound influence it was observed to have on trichothecene 
biosynthesis. Application of this biocide at around its ED
50
(50ppm, a.i.) induces an enhancement of T-2 toxin yield, 
sometimes of massive proportions. Applied at a low
concentration {8ppm, a.i.), however, growth is enhanced and
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toxin yield inhibited usually by about 90%. The inhibition 
at 8ppm is a very consistent and stable response whereas the
induction at the ED is more difficult to demonstrate.
50
Growth inhibitory concentrations of tridemorph inhibit 
the development of attached and filamentous growth and the 
reduction in the distance to the first branch and first 
cross wall (Figure 3.3.12.d) plausibly reflect the compact 
growth in small hard pellets which are observed. Lateral 
inflations and distortion of the hyphal wall are typical of 
this agent's effect.
The yield time-course (Figure 3.3.12.a) shows the 
typical pattern where it is apparent that induction of toxin 
takes place primarily over the first three days of
incubation, after which time, the treated material resembles 
the untreated control both in terms of growth rate and 
further toxin accumulation. The BSRP of T-2 toxin (Figure 
3.3.12.b) confirms this and shows the pattern, which will be 
familiar, where there is an early induction of production 
rate (fenarimol or fenpropimorph, for example) which may or 
may not produce an enhanced yield depending on the extent of 
biomass present during the period of induction. If the
inhibition of growth is too severe (Figure 3.3.12.e), the
same response will not produce an enhancement of yield. It 
will be recalled that T-2 toxin production was shown to be 
independent of biomass in the inoculation density experiment 
(see Figure 3.1.f ).
The BSY of lipid products (Figure 3.3.12.b) indicate 
the breadth of tridemorph's influence. Total lipids are
inhibited in a dose-response fashion while ergosterol shows 
about the same degree of inhibition at the growth induction
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dose as at the ED level. Polyketide biosynthesis is less
50
affected by these treatments but is delayed at the high 
dose and eventually shows a slight induction.
The activity profile of tridemorph against F . 
sporotrichioides turns up three bimodal relationships. Both 
T-2 toxin and total lipids are inhibited at low fungicide 
concentrations and recover at higher concentrations although 
lipid content remains below the control. Growth is also 
bimodal but inverse of the lipid and trichothecene profiles 
showing significant growth induction at low biocide levels. 
A complete explanation of tridemorph’s activity would have 
to account for the correlative response seen between total 
lipids, trichothecenes and growth ; the existance of an 
apparently temporary period of sensitivity to trichotbecene 
induction ; the concentration dependent direction (induction 
or inhibition) of its effect on toxin production.
Changes in the morphometric features occur mainly at 
concentrations lower than those required to elicit strong 
trichothecene induction. On this evidence, it would appear 
unlikely that there is a causal link, even an indirect one, 
between the observed morphological changes and the 
biosynthetic ones. Likewise, the reduction in ergosterol 
content appears to play no direct role in the mechanism 
since this reduction is little different in the two opposite 
response patterns. If ergosterol is supplied exogenously, it 
neither reverses the inhibition of growth by 50ppm 
tridemorph, nor extinguishes the induction of T-2 toxin 
production (Figure 3.3.12.f). Lastly, inhibition of 
ergosterol by other EBIs failed to bear much resemblance to
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the tridemorph pattern.
Tridemorph, in mode of action studies, is known to 
show different activities according to the rate of 
application (Kerkenaar et al.,1979). This characteristic, 
in which one activity saturates at a lower concentration 
than another and is superceded as the concentration is 
increased, might explain the remarkable dual response of T-2 
toxin production. The induction, as has been shown, is 
restricted to the early period of incubation and older 
biomass is not receptive to the toxin induction by 
tridemorph (Figure 3.3.12.i). This type of response suggests 
the existence of a potentiating constituent which is 
produced early in the developmental cycle.
The inhibition of T-2 toxin production at 8ppm, a.i. of 
tridemorph is sustained throughout the incubation and shows 
no compensatory changes in the other measured products 
against the toxin induction treatment. Fenpropimorph appears 
to have a different inhibitory activity since it, despite 
showing early BSRP induction, is progressively more 
inhibitory with time. Of course, all the data is based on 
net production so 'inhibition 1 could be an enhancement of 
degradation although the analytical method, which includes 
capillary GLC, would have extracted, resolved and detected 
many possible T-2 toxin derivatives.
It appears doubtful that its known inhibition of
ft—\ 7
A  isomerisation of fecosterol is involved in this, nor 
is it likely that sterol metabolism is itself involved. 
Furthermore, results from plant tissue culture studies 
indicate that tridemorph has a much more general anti- 
(S - isomerase activity since it is reported to block the
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conversion of £9,19-cyclopropyl sterols to 6,8-sterols in 
this system (Schmitt et. aj^.. ,1981). Inhibition of cf, 14- 
reductase, as referred to above, has also been reported 
(Baloch et. al.., 1984). On this basis, then, it is a
plausible hypothesis that tridemorph's activity in lipid 
biosynthesis is based on the inhibition of isomerase and cf - 
reductase reactions. Accordingly, tridemorph would be 
expected to act at all of several sites in lipid 
biosynthesis. The sites which are normally most active, 
isopentenyl pyrophosphate (IPP) isomerase and fatty acid
reductase perhaps, would be most likely revealed since the 
impact in quantitative terms would be greatest.
Some of tridemorph's most noteworthy activity consists 
not in inhibition but enhancement. This could, of course, 
represent a blocking of the synthesis of a compound which is 
a feed-back inhibitor, such as might occur with naftafine 
(Paltauf et. al_., 1982) in causing overproduction of
squalene. Equally, the accumulation of an intermediate which 
has derepressor activity is an enhancement rendered by
inhibition. Perhaps a system such as that hypothesized for 
B-carotene production in the Mucorales where trisporic acid 
is thought to activate a protease which degrades an
inhibitory protein thereby derepressing mevalonate kinase 
(Lampilla et. a l ., 1985), is conceivable. Clearly, such a
mechanism, where in the absence of the protease trisporic 
acid could render no influence, could model the apparently 
temporary period of sensitivity to tridemorph induced toxin 
overproduction.
Using fungicides of broad, non-specific activity
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against growth related metabolism, it was possible to 
conceptually isolate the effect of the inhibition of growth, 
per se, on lipid biosynthesis - a 'positive control'. It 
appeared that non-essential biosynthesis, under these 
circumstances, fulfilled the expectations neither of the 
'stress metabolites' idea of secondary metabolism nor of a 
survival pattern wherein non-essentials are quickly 
jet/isoned. The pattern that emerged was one in which the 
inhibition of lipid biosynthesis was general and of a lesser 
severity than that manifest against growth.
The EBI's, although closely resembling one another in 
their supposed anti-fungal activity, induced a variety of 
responses from the TR-2 strain of F\_ sporotrichioides. 
Propiconazole is alone in producing a uniform inhibition, 
excepting the polyketides, of lipid products which 
intensified with dose. The morpholines share this tendency 
except that tridemorph produces particularly strong 
inhibition or induction (depending on dose) of T-2 toxin 
production. Also they enhance, rather than leave unaffected, 
polyketide production. Fenarimol and prochloraz share, 
except in degree, a pattern wherein the low concentration is 
more inhibitory toward the lipid products than the high 
inhibitory treatment. If the high and low treatments are 
compared, the response to fenarimol and prochloraz stand 
out. The recovery of lipid biosynthesis in the ED
50
treatment is larger than it appears since it is also 
overcoming the lipid inhibition associated with the 
inhibition of growth.
Two classes of response, then, can be delineated : 
where the growth inhibitory treatment is less effective
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against lipid products than the growth non-inhibitory one ; 
where the internal quantitative relationship between lipid 
products breaks down.
These compounds have demonstrable activity as has been 
reviewed above. How are these activities related to the 
responses documented in the present study? A major 
difference between most of the studies discussed in the EBI 
review and the present work, lies in the experimental 
design. Very few studies have used long term exposure to the 
fungicides to assess response. None of the studies cited 
have used a time-course in this assessment. By adopting a 
long term time-course in these studies, attention 
necessarily alights on how the fungus accommodates a change 
in its biosynthetic capacity. This change, accomplished by 
chemical means, is not entirely unlike a deletion mutant in 
effect. Studies based on short-term exposure to the biocide 
can inform as to the immediate action of an inhibitor on a 
soup of enzymes but is inadaqute to assess what inhibition 
of the enzymes could initiate through the regulatory system.
The tendency for the growth rate, once growth becomes 
established, to approximate the untreated rate, suggests 
that the regulatory system can realign and ameliorate the 
initial effect of the biocide. Consider that an organism is 
homeostatic and that within thermodynamic constraints, it 
will maintain a self-replicating organization. A good 
example of this accommodation can be found in Sancholle’s et_ 
al. (1988 ) ultrastructural study of the effects of
propiconazole on Taphrina deformans. These workers found 
that it was possible to select a resistant strain through
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long term exposure to a sub-lethal dose of the triazole, but 
which continued to manifest the same extent of 
ultrastructural damage to which they suspected the fungicide 
owed its activity.
Because it is highly speculative, it is not proposed to 
devise detailed hypotheses to account for all of the three 
EBI response patterns described above. As a demonstration of 
the approach, while bearing in mind that it is the 
development of a testable hypothesis which is the goal, let 
us accept that tridemorph has the generic inhibitory 
activity against the d-isomerases and reductases 
hypothesized above. Interference with fatty acid reductase 
activity could cause a reduction in fatty acid biosynthesis 
if the lipid had to reach a minimum degree of saturation 
before being released from the fatty acid synthetase 
complex. It might also be expected to cause a reduction in 
chain length and an increase in unsaturation. Since a dose 
dependent reduction in total lipid is observed in the 
morpholine treatments, let us assume that it is through the 
mechanism described above. This might be expected, at least 
initially, to lead to an oversupply both of malonyl-CoA and 
of NADPH hence an increase in polyketides and in the supply 
of mevalonic acid. But polyketides are not normally produced 
during early development due, presumably, to the absence or 
repression of the appropriate enzymes (substrate is 
available since lipid and terpenoid biosynthesis occur 
early) thus heightening the mevalonate oversupply. At a 
growth non-inhibitory concentration perhaps acetyl-CoA can 
be removed from the Krebs cycle by increasing amino acid and 
NADH production thus augmenting growth associated activity.
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In the ED treatment, presumably greater growth is not 
50
possible and the other lipid products then respond to an 
oversupply of acetyl and NADPH. In terpenoid biosynthesis, 
IPP isomerase is also being inhibited. If the inhibition is 
competitive, oversupply of mevalonic acid could partially 
overcome the inhibition by raising the titer of IPP to high 
levels since its co-reactants DMPP and GPP would be rate
limiting. In essence, trichodiene synthetase would be
awaiting the arrival of the now rare FPP in competition with 
squalene synthetase which requires twice as much reactant 
and might, in any case, be somewhat repressed by the 
accumulation of ergosterol precursors. Eventually the data 
show growth is re-established, polyketide biosynthesis
begins and lipid biosynthesis recovers somewhat, perhaps 
through the synthesis of more fatty acid synthetase, and 
conditions which had led to sesquiterpene overproduction, 
vanish.
This exercise (of building a sand castle) is useful if
only to identify specific areas of biosynthesis on which to
focus further study : fatty acid content, IPP and GPP
,1
titers, and perhaps labelling efficiency of trichothecenes
from C02 (malonyl) and mevalonic acid in the early and late 
stages of induction. Co-treatment with an HMG-CoA reductase 
inhibitor and analysis for HMG could show if there is the
hypothetical mevalonate oversupply. The sensitivity of fatty 
acid synthetase and IPP isomerase to tridemorph and 
fenpropimorph would be a useful addition to our knowledge of
tridemorph's activity and would provide a unique means of
understanding biosynthetic control of secondary metabolism.
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4.2.3. The Other Biocides
Simazine (3.3.11) and atrazine (3.3.3) are two
structurally similar triazine herbicides. Although now 
banned in America, simazine had long been one of the most 
widely used herbicides in the U.S. corn belt. Its
specificity as a herbicide is based not on the. relative 
resistance of monocots to auxins as with 2,4-D, but on the 
ability of Maize, in particular, to rapidly metabolise the 
herbicide to a form which could no longer act as a
photosynthetic cytochrome poison, its mode of action. 
Insofar as respiratory and photosynthetic cytochromes are 
similar, one might not be surprised if these herbicides 
proved to be fungicidal as well. The triazine ring moiety 
suggests that these compounds might interfere with 
cytochrome P-450 activity (Berg ejt slI., 1986 ). Neither proved 
to be the case and inhibition of growth resulted only from 
atrazine applied at high concentrations.
For two compounds which are structurally so similar, 
the distinctiveness of their respective activities is 
remarkable. Aside from the fact that atrazine has a slight 
toxicity toward F\_ sporotrichioides and simazine does not, 
simazine stimulates the BSY of lipids, polyketides and T--2 
toxin (in this case ergosterol was not measured) whereas 
atrazine inhibits the BSY of all of these products. In 
chloroplasts both compounds are reported to increase free 
fatty acids and the degree of unsaturation (Rivera & Penner, 
1974). The induction of T-2 toxin is particularly noteworthy 
becaue it occurs as the result of an enhanced BSRP 
maintained throughout the time-course (3.3.11.b).
Although simazine did not affect the rate or extent of
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growth, it produced marked morphological changes. Pelleted 
development predominated over filamentous growth and 
attached growth was particularly extensive. At the 
microscopic level, chlamydospore-like cells were uniquely 
induced. Accompanying these changes was a shift in the 
biosynthetic product favouring acetate derived compounds. 
Clearly, if assimilation is not enhanced and lipid content 
is, this must have occurred at the expense of the growth 
related protein and saccharide products.
The generality of the biosynthetic response and the 
marked morphological changes, some of which are unique in 
the study, invite the suggestion that here is a case where 
morphogenesis and biochemical differentiation have a causal 
relationship. Perhaps by causing pelleted and attached
growth and the production of the differentiated cells which 
resemble chlamydospores at the expense of a more
meristematic growth form, lipid biosynthesis was enhanced 
precisely because the treatment had produced adventitious 
differentiation. Perhaps less likely in view of the lack of 
any growth inhibition by simazine is the converse argument 
that by inhibiting protein and saccharide production in 
favour of lipids, the biocide brought about a morphological 
change resulting from an inability to supply the number of 
hyphal tips required to sustain a meristematic growth form.
Unfortunately, this biocide represents a case where its
relevent activity is probably unrelated to its mode of
action and without extensive study the mechanism of its 
activity will remain unrevealed. The biocide, at 300ppm, 
would have been applied at 15mg/flask so that if we assume
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the biocide was being metabolised, only nitrogen metabolism 
could plausibly be affected. Perhaps the utilization of 
simazine as a nitrogen source could mimic that of nitrate 
and stimulate NADPH production and thereby enhance lipid 
biosynthesis as previously discussed. It is perhaps more 
likely, based partly on the lack of any clear route of said 
utilization and partly on responses which contradict the 
nitrate nitrogen pattern (trichothecene enhancement) and 
others which are not explained by it (morphological changes, 
for example) that simazine intervenes in some more or less 
specific way to alter morphological and biochemical 
development. These results identify triazine herbicides as a 
potential tool for the investigation of the relationship of 
morphology to biochemical expression.
Basagran DP, the last of the three herbicides tested in 
detail in this study, comprises an auxin and bentazone which 
is thought to bind on thylakoid membranes as its activity 
(Rivera & Penner, 1974). Auxins can have anti-fungal 
activity as is demonstrated with 2,4,D (Table 3.3.a) but the 
mode is not known. This product, too, shows significant 
anti-fungal activity reducing growth rate throughout the 
time-course without reducing K but it also enhances growth 
at the low (36ppm, a.i.) concentration (Figure 3.3.4.a ).
Ergosterol is markedly inhibited at the growth
promoting concentration but is closer to control levels in
the ED treatment. T-2 toxin BSRP is affected but it is 
50
difficult to judge the magnitude of this response since the 
control activity is exceptionally low. The DAS/T-2 ratio, 
which is characteristically a stable feature around the time 
of maximum expression at 0.12 - 0.25, was 0.43 in the 170h
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sampling of the ED treatment. Throughout the study, aside
50
from this treatment, only clotrimazole (data not shown) was 
noted to alter the DAS/T-2 ratio from the normal range. 
Clearly there is a great deal here for further study.
Fenitrothion, the final biocide and the only 
insecticide to be studied in detail, is an acetylcholine 
esterase inhibitor. The prevalence of this mode of action in 
modern insecticides renders insecticides, as a group, less 
interesting than the other biocides. The material proved to 
be very toxic to sporotrichioides although by unknown
means. Exceptionally, fenitrothion produced a clear 
reduction in K while not affecting growth rate which 
suggests an activity where assimilate is not efficiently 
utilized as with respiratory uncouping agents.
T-2 toxin is profoundly inhibited in a dose response 
fashion both in terms of BSY and BSRP. Likewise, the other 
lipid constituents were inhibited, although not to the same 
degree as the trichothecenes. In this, fenitrothion 
resembles captafol although the growth responses distinguish 
the two. It is interesting to note that, with the exception 
of trichothecene, the relative BSY of the products in each 
treatment closely resembles those of the control. It would 
appear from this circumstantial evidence that fenitrothion 
exerts its influence on lipid metabolism indirectly and not 
through some general anti-lipid esterase activity.
4.2.4. Strain Uniformity and Field Studies
In section 3.3.15 the results of some experiments 
designed to investigate strain uniformity in response to 
biocides are presented. Insofar as toxigenicity is
212
considered to be a strain characteristic, it becomes 
important to establish the level at which regulation of 
expression operates. TR-2 and TR-1 have been demonstrated to 
differ considerably, perhaps surprisingly so considering 
their common origin, in their respective responses to a 
third factor, such as density of lawn inoculation (Figure
3 23.3.15.C). From this data an inoculation rate of 2x10 /cm 
was, somewhat arbitrarily, selected to compare the response 
of three strains which are all descendants of Smalley's T-2 
strain (NRRL 3299; ATCC 24631; T-424 from the U.
Pennsylvania) and a recent toxigenic isolate from Kew 
Gardens ('PALM').
The enhancement of toxin production by the morpholine, 
fenpropimorph, is a response shown by all three isolates and 
it is of a magnitude to suggest that growth on agar may, in 
some way, be synergistic to the biocide treatment. 
Furthermore, the pattern of induction at the three levels of 
application is also very consistent with only TR-1 showing 
greatest induction at the high dose rate rather than at the 
intermediate rate. The 5-pyrimidine, fenarimol, elicits a 
definite induction only in TR-1, again showing a slightly 
different response than the other strains. C/N ratio was 
also tested by this protocol (wedge plates inoculated as 
lawns of spores) and confirmed that TR-2 shows no response 
to this ratio, but T-424 and PALM were sensitive.
The conclusion here is that the morpholine effect on T- 
2 toxin production acts at a fundamental level. It has also 
been demonstrated in Myrothecium where tridemorph can induce 
a higher production of macrocyclic trichothecenes (George
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Bean, pers. comm.). The variable response to C/N ratio could 
be interpreted as evidence that regulation of secondary 
metabolism exerted through primary metabolism is not a 
fundamental element in the regulation of secondary 
metabolism; that nutritional regimes provide a bias toward 
high or low production which can be overcome.
A broader comparative view of strain specific response
in lipid metabolism to biocides is provided in Table
3.3.15.a. In several cases TR-1 has reproduced the response
of TR-2. To the morpholines and herbicides, in particular,
TR-1 has shown remarkable fidelity to the pattern
established using TR-2 in shaken liquid culture. Only the
magnitude of the response differs and thereby some of the
enhancements in the BSRP of toxin which were not translated
into actual BSY increases by TR-2, emerge. The main
exceptions to this are the responses to maneb, which shows a
much greater inhibition of T-2 toxin BSY than of growth and
no lipid BSY increase, and those to fenarimol, a biocide to
which TR-1 is much less sensitive in any event (ED of TR-2
50
is c.a. 0 .5ppm).
The inoculum density experiments suggest the existence 
of an important interaction between propagules which can be 
expressed in toxin formation. There is also no doubt that 
spores of different strains interact in such a way as to 
influence toxigenicity. Moss and Frank (1988) have reported 
a slow growing TR-1 sport which, though it has essentially 
unimpaired toxigenic capacity itself, consistently reduces 
the expected toxin yield when grown with other strains. 
Utilization of such derivative strains in conjuction with 
biocides and the 'parental' strains could prove a valuable
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system with which to develop a regulatory model.
A study which undertakes to assess the impact of 
biocides on the toxigenicity of a component of cereal crop 
microflora, the original remit of the study, in liquid 
culture, does so for convenience. Eventually, an attempt at 
verifying the findings from axenic liquid culture in a 
cereal crop must be made. As discussed in the introduction, 
there are many factors which could alter the mould’s 
toxigenic activity. Information on the behaviour in cereals 
of T-2 toxin producing fusaria is scarce and this alone 
constitutes a good reason for inclusion of the field 
results, although somewhat off the theme of the forgone 
discussion.
The distribution of toxin in the seed head, following 
artificial inoculation, is not uniform. The 'chaff1, which 
comprises primarily the rachis, the glumes, and the proximal 
portion of the lemma, contains an undetectably small amount 
of toxin. The distal part of the lemma (the awn) has a high 
toxin concentration and the more massive seed contains 
somewhat more than 2/3 of the total toxin (Figure append.b).
To account for any effect which the rather extreme 
inoculation protocol might produce, four control treatments 
were required and their comparison from the stand point of 
fungal ecology is of interest. Based on the infection rate 
of surface sterilized control grain (Figure append.c.), it 
appears that application, alone, of the spore suspension is 
sufficient to produce infection. The toxin content of this 
material, however, shows that the growth must have been very 
limited; sporotrichioides must have invaded the grain
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tissues but did not thrive well. Mechanical damage 
alone does not produce an increase in Fusarium infection 
over the untreated control, but where Fusarium has colonized 
or where mechanical damage has been applied, infection by 
other moulds is much reduced. It is an odd result that the 
’damaged only' control showed a very low over-all fungal 
colonization rate. Perhaps a bacterial community can become 
established quickly and prevent fungal invasion if it is not 
preempted by the spore inoculum or plant response to 
mechanical injury stimulating the production of compounds 
which are anti-fungal.
Once in the plant, it would appear that TR-2 (also TR-1 
and MO-4, an isolate of F^ moni1iforme from Zambian maize) 
is capable of spreading only distally along the 
transpirational stream (Figure append.e.) and not between 
grains in the seed head, each one of which is a branch 
terminus of a vascular trace. The difference in behavior 
between the presumptive plant pathogen, MO-4, and the 
laboratory strains, TR-1 and TR-2, with respect to both the 
host and the fungal microflora is marked. Only when MO-4 is 
present is there evidence, in a drop in grain dry weight, 
that the invasive mould is successfully competing with the 
plant for photosynthate. Furthermore, the presence of MO-4, 
recovered from the grain at the same frequency as TR-1 and 
2, does not predispose the plant to invasion by other fungi 
as do the toxigenic strains. This might be attributable to 
the effect of T-2 toxin being carried in the transpirational 
stream to the grain and weakening the plant tissue. The 
deposition of toxin in the awns also points to the passive 
transport of T-2 toxin in the xylem.
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None of the biocide treatments showed very powerful 
curative activity two week after the biocide application 
although, fenarimol, and to a lesser extent prochloraz, 
seems to have reduced the infection rate somewhat after six 
weeks when compared, to the damaged inoculated control 
(Figure append.c). These treatments also produced the 
heaviest grain, of the treated material, with the smallest 
proportion of chaff at the highest fungicide application 
rate (Figure append.d).
One of the arguments for using the more controlled 
experimental system of liquid axenic culture arises from the 
inevitable difficulty in understanding the multifactorial 
interactions in something as complex as a developing, 
infected seed crop. The drop in toxin content between the 
week two and week six harvests, for example, graphically 
demonstrates the presence of degradative mechanisms, 
ensuring that net production is different from gross 
production. Likewise, 'it is not possible to calculate a 
value equivalent to the BSY from the field data since the 
degree of fungal growth can not be reliably ascertained.
The toxin yield (Figure append.c) after two weeks in 
the ’inoculated only' control, although very high at about 
lOppm by food standards, is small in comparison to the 
'damaged inoculated' control. Still higher than this are the 
high and intermediate tridemorph treatments and the low 
fenarimol treatment while maneb has exerted no influence on 
the toxin yield. Simazine has produced an almost complete 
inhibition of toxin accumulation; low tridemorph, prochloraz 
and high fenarimol, too, have effected a marked inhibition.
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Maneb and simazine have the interesting effect of improving 
toxin persistance in the grain, although whether this is 
attributable to activity against degradation or long term 
enhancement of toxin production is not clear. The 
verification of the morpholine induction effect in barley is 
a noteworthy result of the field trials and argues strongly 
that the data derived in the liquid culture model are 
useful for identifying potential problems in agricultural 
use.
4.3. CONCLUSIONS
In summarizing the findings of these studies, perhaps 
the original terms of reference of the work should first be 
addressed. Do biocides influence the production of 
trichothecenes in cereal crops? The fungicide tridemorph and 
probably fenarimol can increase toxin production in 
artificially inoculated barley and maneb and the herbicide 
simazine inhibits the degradation of toxin under the same 
circumstances. The inhibition of toxin accumulation was also 
observed most notably by the fungicide prochloraz and 
simazine. In a qualitative sense, the field results were 
consistent with those testing the toxigen alone in liquid 
culture.
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Table 4.3.a. The maximum expression of biomass specific
yield (BSY) of T-2 toxin (jig/g for controls and % of control 
for treatments), the time and biomass at which it was
reached and the extent of the inhibition in h estimated from 
the control growth rate. Data collated from all biocide
assays.
Treatment Maximum BSY 
tjug/g ; %]
of Max 
Chi
B at Max 
Cmg]
Inhibition
Chi
Atrazine 
0 1510
Low 48 %
High 60 %
Basagran DP
0
Low
High
Captafol
0
Low
High
215 
119 % 
223 %
1930 
81 % 
117 %
Carbendazim 
0 530
Low 85 %
High 110 %
Fenarimol 
0 1732
Low 69 %
High 117 %
Fenitrothion 
0 490
Low 52 %
High 37 %
Fenpropimorph 
0 1621
Low 50 %
High 184 %
Maneb 
0 1300
Low 142 %
High 52 %
Prochloraz 
0 1535
Low 117 %
High 98 %
Propiconazole 
0 860
Low 9 4 %
High 42 %
101
70
101
94
70
168
97
97
190
90 
90 
28 day
97
97 
119
72
102
189
98 
168
68
98
98
167
98
118
92
101
101
101
875
473
834
781
468
997
848
516
691
753
778
343
745
724
527
510
939
709
822
982
47
829
531
458
886
1099
771
973
933
718
-5
4
-3
60
24
106
0
>>
0
32
3
13
0
31
20
104
0
10
3
20
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Table 4. 3.a. (continued)
Treatment Maximum BSY t of Max B at Max llnhibition
(pg/g ; %3 [h] [mg] _____U U _____
0
-6
13
14
0 
24
1 ’Inhibition' represents the period of time between 
the point of maximum BSY of the treatment and the 
point at which the control had reached the same 
biomass. A negative value represents growth 
enhancement.
The study was broadened by attempting to develop the 
use of biocides, particularly those with a relatively 
specific activity at the molecular level, as a tool to 
examine the regulation of secondary metabolism. Initially, 
considerable effort was expended in optimizing culture 
conditions and characterizing the residual variability of 
the system so developed. It was found that considerable 
variation in the production of secondary metabolites could 
neither be attributed completely to unspecified factors 
associated with the passage of time nor to inherent 
variation between single sporelines. A point of particular 
significance and one which could not be resolved, is whether 
an experiment in which the control is low producing had 
responded to a biocide treatment in the same way had the 
control been high producing.
Simazine
0 2265- 98 883
Low 101 % 92 780
Tridemorph
0 - 531 90 753
Low 19 % 98 810
High 438 % 55 280
Vinclozolin
0 590 70 523
High 117 % 93 640
Zineb
0 530 90 753
Low 52 % 90 728
High 76 % 90 402
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By examining fungicides which are known to act on 
growth related activities collectively, it was possible to 
draw generalities concerning the effect of growth 
inhibition, per se, on secondary metabolism. This pattern, 
in which the expression of secondary metabolism was shown to 
have a remarkable degree of autonomy from growth related 
processes, aided the interpretation of the activities of 
five ergosterol bioynthesis inhibitors representing four 
chemical families but only two modes of action.
Of particular interest is the activity of the 
morpholine compounds and these were dealt with in some 
detail. A testable model was devised to explain the 
documented changes in biosynthesis which directs attention 
particularly toward IPP isomerase and fatty acid reductase 
for future work. There is considerable support in these 
studies for the contention that the use of biosynthetic 
inhibitors, already available, constitutes a potentially 
valuable approach to the regulation of secondary metabolism.
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PRODUCTION OF TRICHOTHECENES IN WINTER BARLEY INOCULATED WITH 
FUSARIUM SPOROTRICHIOIDES -------
Moss, M.O. and Frank, M.
Departm ent of M icrobiology; U niversity  o f Surrey
Guildford; Surrey GU2 5XH •
Great Britain •
Fusarium sporotrichioides is a-widespread, though not common, 
species in temperate parts.of the world. Although it h a s b e e n  
associated with wilting and damping-off of seedlings, and with 
a stem rot of maize, it is not considered to be a significant 
parasite of crop plants. On the other hand it is one of the , 
most toxigenic species of Fusarium having been associated with 
alimentary toxic aleukia in man and mouldy corn toxicosis in 
farm animals. A very toxic strain isolated from scabby wheat 
in Japan has been referred to as F. nivale but is now considered 
to be an atypical strain of F. sporotrichioides (Marasas _et al. , 
1984). During studies on the influence of agricultural biocides 
on trichothecene production, it was of interest to know whether 
winter barley could become infected with this species and to 
what extent trichothecene production might occur in developing 
grain.
In a preliminary experiment plants of winter barley (Sonya) 
sown in'pots in October 1983 were grown in a greenhouse without 
heat until ear■emergence in April, 1984. Attempts were made' to 
infect the developing ears of 10 plants by adding drops of a 
spore suspension of F. sporotrichioides NRRL 3299 between the 
flag leaf and the ear without.damaging the plant. Ear emergence 
was complete in May and the developing grains of a further 10 
plants were damaged with a needle infected with coni'dia of the 
same mould. All plants were harvested in June and the grain 
recovered from control plants as well as the two groups of 
inoculated plants. Grains from each sample (20)-were.surface 
sterilised and plated onto potato dextrose agar. The remaining 
samples were dried, ground, and analysed for T-2 toxin byGLC.
Only a very low level of infection (5%) could be detected 
in grain from undamaged -plants, inoculated during the early 
stages of ear emergence whereas 100% of inoculated damaged grains 
became infected and T-2 toxin was only detected in damaged grain.
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TABLE 1. Results of the 1983/84 greenhouse experiment
Control
Inoculated 
un deimaged
Inoculated
damaged
% viability 100 100 30
% Infection 0 5 100
T-2 (;ig/g dry wt) 0
•
• 0 55
A similar experiment was carried out on plants sown in 
October,1984 but, to provide a larger quantity of damaged 
inoculated grain, the emerging ears were lightly scored with a 
scalpel and inoculated using a cotton' swab in May 1985 and the 
grain harvested in June. On this occasion the awns were 
removed and the chaff retained as seperate fractions for 
analysis. No toxin was found in control plants and in the 
inoculated plants toxin concentration was highest in the awns 
(Table 2). The uneven distribution of DON in different 
fractions of wheat harvested from plants infected with P. 
graminearum has been well documented (Hart & Braselton, 1983; 
Young ejt al.,1984).
TABLE 2. Results of the 1984/85 greenhouse experiment
Fraction Presh wt (g)(%) T-2 (;ig) (%) T-2/g fresh w
grain 99.4 (82) 1420 (64) 14.3
awns 13.4 (11) 550 (36) 41.2
chaff 7.9 (7) 0 (0) 0
total 120.7 (100) 1970 (100) 16.3
Nett accumulation in any part of the developing grain may 
be the result of translocation, biochemical degradation by plant 
or mould enzymes, as well’as differential infection and bio­
synthesis in different tissues of the plant.
During 1984/85 a small outdoor plot was sown with winter 
barleyx.and groups of plants treated in the manner described 
above. Some of the plants were also sprayed with fungicide. 
Grain was harvested 21 or 48 days following the day of inocula­
tion. As would be expected in an outdoor experiment some of 
the uninoculated plants did produce grain infected with P. 
sporotrichioides and there was infection with other moulds 
(mainly Alternaria) and bacteria (mainly Erwinia). Infection
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with P. sporotrichioides seemed to repress other organisms 
(Table 3) and significant levels of T-2 toxin were only detected 
in the damaged inoculated grain. In the context of.factors 
influencing nett accumulation of toxin, it is of interest that 
toxin concentrations decreased during the period from 21 to 48 
days after inoculation.
TABLE 3 Results of 1984/85 field studies
Treatment Harveste d * % infection with T-2 toxin
(days) Pusarium Other
Moulds
Bacteria
^g/g dry 
wt
Undamaged
uninoculated
21
48
17
9
74
51
32
100
nd .
nd
Damaged
only
21
48
11
20
20
11
100
100
nd
tr
Inoculated
only
21
48
91
43
17
31
9
100
8
tr
Damaged
inoculated
21
48
90
71
3
6
79
100
68
22
♦Days after inoculation: nd = not detected: tr = trace
Although there is a need to repeat the experiments with 
larger numbers of plants, the preliminary results from plants 
treated~with biocides prior to damage and inoculation are not 
incompatible with those reported by Moss & Prank (1985) in a 
study of the effect of tridemorph on T-2 toxin production by 
P. sporotrichiodes grown in the laboratory. (Table 4).
TABLE 4 Concentration of T-2 (>ig/g dry wt) in inoculated
damaged grain with and without biocide application
Treatment 21 Days^ 48 Days^
No biocide 68 22
•Tridemorph 0.5 Kg/ha 48 7.3
4.8 Kg/ha 128 11.2
Prochloraz 1.5 Kg/iia\ 37 10.6
Simazine 3 Kg/ha 0 6.7
♦Days after inoculation.
The effects of the herbicide Simazine were unexpected 
because, in the laboratory studies, it did not inhibit fungal
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growth and marginally enhanced toxin production. The absence 
of toxin in the field experiment 21 days after inoculation 
indicates the likely complexity of plant fungus interactions.
The reduction in toxin concentration after the application of 
low levels of Tridemorph, and enhancement of toxin concentration ' 
after the application of high levels of Tridemorph, parallel 
the effects of low and high concentrations of this fungicide 
in laboratory experiments with shake flask cultures of 
P. sporotrichioides (Moss & Prank,1985).
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Prevention: effects of biocides and 
other agents on mycotoxin production
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8.1 THE USE OF BIOCIDES IN  AGRICULTURE AND FOOD
Intensive, monoculture-based agricultural has increasingly required the use 
of biocides, mainly herbicides, insecticides and fungicides, to protect crops 
during growth and development. Their use may be extended to the prepara­
tion of the ground before the sowing of a crop, and an interesting example of 
complex ecological interactions which may follow the application of a 
herbicide before sowing has been provided by the studies reported by Penn 
and Lynch [1]. In this instance, the application of glyphosate (jV-phosphono- 
methyl glycine, Fig. 8.1 overleaf) to destroy couch grass, prior to planting 
barley, successfully controlled the couch grass but the formation of acetic acid 
by bacteria growing in the decaying rhizomes influenced the activity of the 
soilbome mould, Fusarium culmorum, leading to the reduced growth of the 
barley subsequently planted. The Pesticide Manual produced by the British 
Crop Protection Council [2] provides an impressive documentation of the 
diverse range of chemicals available to agriculture, and bears witness to the 
skills of the m odem chemical industry. The structures of a selection of 
biocides referred to in this Chapter are provided in Fig. 8.1.
After harvest, crops which form the raw material for the production of 
food and animal feeds may require protection during storage. Extended 
storage life is achieved by controlling physical parameters such as water 
potential and temperature, but intrinsically perishable crops, such as fruits 
and vegetables, may also be treated with biocides. Thus benomyl is used, not 
only as a systemic fungicide in the field, but also as a post-harvest spray or dip 
for the control of fruit and vegetable rotting fungi in storage.
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Fig. 8.1: A  selection of agricultural biocides.
Sec. 8.2] The Nature of Mycotoxins 233
The number of biocides permitted as additives to food is limited, and the 
limitations vary from country to country [3], but those permitted do include 
antifungal agents such as sorbic acid.
The presence of biocides in, or on, a commodity at any stage in its 
production can be viewed as another factor in the environment in which 
mould growth and metabolism may take place. It is in this context that this 
Chapter considers. first the nature of mycotoxins, and subsequently the 
factors influencing their production.
8.2 THE NATURE OF M YCOTOXINS
The microscopic filamentous fungi, commonly known as the moulds, are able 
to produce a wide range of metabolites. Many of them have biological 
activity which- may be expressed by their inhibitory or lethal effects on 
microorganisms (antibiotics), on plants (phytotoxins), or on man and his 
domesticated animals (mycotoxins). It is the ability of the filamentous' 
moulds to grow on foods, animal feeds, or the raw materials used in their 
manufacture, which makes them a nuisance in the spoilage of these commodi­
ties and makes them potentially dangerous to health if they also are able to 
produce mycotoxins. The study of mycotoxins has produced a vast literature, 
including a number of monographs [4-12], and has been the topic of public 
debate through the ‘yellow rain’ controversy during which allegations of the 
use of Fusarium toxins as agents of chemical warfare have been made 
[13-15].
8.2.1 Animal and human mycotoxicoses
A number of clearly identified mycotoxicoses have been associated with 
problems in animal husbandry, including facial eczema of sheep resulting 
from liver damage caused by the sporidesmins produced by Pithomyces 
chartarum growing on dead forage grasses, slobbers in cattle caused by the 
alkaloid slaframine produced by Rhizocionia leguminicola growing on red 
clover, and vulvovaginitis in pigs caused by zearalenone produced by 
Gibberella zeae (anamorph Fusarium graminearum) growing on maize. These 
clearly defined disorders each involve a single species of mould, but the 
hasmorrhagic diseases associated with mouldy corn toxicosis almost certainly 
involve an interaction of several toxins produced by a number of different 
contaminants. Thus, the presence of Aspergillus flavus, Penicillium purpuro- 
genum and Fusarium species all growing on mouldy maize cobs may result in 
the presence of mixtures of aflatoxins, rubratoxins and trichothecenes in an 
animal feed. In the laboratory it has been demonstrated that pairs of toxins 
from each of these groups can act synergistically and it is likely that this 
phenomenon also occurs in the field.
Although ergotism in man has been well documented since the Middle 
Ages, it was not until the mid-nineteenth century that it was associated with
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the ascomycete Claviceps purpurea. Today the activity of the ergot alkaloids 
is well understood and this activity has been turned to the benefit of man in 
the treatment of a number of medical problems.
The role of mycotoxins in such diverse diseases of man as alimentary toxic 
aleukia, yellow rice poisoning and acute aflatoxicosis is now well understood 
and it should be possible to avoid these diseases with appropriate agricul­
tural, harvesting and storage processes. There are other diseases with a 
puzzling aetiology which may involve mycotoxins. Balkan nephropathy is 
such a disease [16] and liver cancer is another. The influences of diet, 
infectious agents such as hepatitis B virus, and other environmental carcino­
gens, make it difficult to be certain about the role of aflatoxins and 
sterigmatocystin in liver cancer. Nevertheless, the correlation between the 
concentrations of aflatoxin in the diet and the incidence of liver cancer in 
certain parts of the world is very high [17].
A number of mycotoxins are immunosuppressive, especially the tricho- 
thecenes produced by Fusarium, but also the aflatoxins and ochratoxin A. 
The significance of long-term exposure to these food contaminants, by inter­
fering with the mechanisms of resistance and the acquisition of immunity, 
is not understood. The mechanisms by which three groups of mycotoxins 
interfere with protein biosynthesis are known to be different in each case 
and so it is probable that each will have a different effect on the immune system 
[18]. As already indicated, mycotoxins are known to be able to act synergis- 
tically in the expression of acute toxicity, and it is likely that synergism will 
also occur in the expression of chronic toxicity and immunosuppressive 
effects.
8.2.2 Diversity of fungi involved and their ecology
Although species from the three genera Aspergillus, Penicillium and Fusarium 
are undoubtedly the most important agents of mycotoxicoses, species from 
many other, taxonomically widely separated, genera have been implicated in 
specific cases of poisoning. Some, such as Claviceps purpurea and Rhizoctonia 
leguminicola, are host-specific plant pathogens. Many, such as Pithomyces 
chartarum, Stachybotrys atra, and Myrothecium  species, grow on senescent 
plant material and, in that sense, may be considered as part of the field fungal 
flora. A number of species of Fusarium are plant pathogens, with some degree 
of host specificity, but are able to continue growth on stored products if they 
are not sufficiently dry. Species of. Aspergillus and Penicillium are usually 
considered to be storage fungi, being capable of growth at reduced water 
activities [19, 20]. In nature they are frequently part of the soil flora and are 
partly responsible for the decomposition of organic material in soil.
Recent studies of the ecology of moulds, previously considered to be 
essentially storage fungi, such as Aspergillus flavus and A. parasiticus, have 
shown that they may have complex life cycles involving interactions with the 
growing plant in the field well before harvest. Thus A. flavus is able to infect 
the developing maize grain after spores have become attached to the stigma, 
germinated, and the germ tube grown back through the silk. In this manner
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grain may become infected, and subsequently contaminated with aflatoxins, 
without there being any overt damage. Preharvest infection of groundnuts 
may also occur, depending in part on insect damage but also on such factors 
as drought stress of the growing plant.
8.23 Mycotoxins as secondary metabolites
The mycotoxins can range in molecular complexity from relatively small 
molecules such as patulin, C7H60 4, and slaframine, C I0H 18N 2O,, to relatively 
large complex molecules such as penitrem A, C37H44C1N06, and verrucarin
H, C29H36Os. They are, however, all examples of secondary metabolites and, 
as such, are a small fraction of the very large number of fungal secondary 
metabolites which have now been characterised [21, 22]. If primary metabo­
lism is concerned with the growth-associated processes occurring during 
active vegetative growth of a mould, when all the nutrients required are 
readily available, then secondary metabolism is distinct in so far as:
I. it is most apparent during the stationary phase when nutrient deficiency- 
may have occurred and is often, but not always, associated with morpho­
genesis;
2. the production of each particular metabolite is often limited to a small 
number of species, and sometimes to a small number of strains within a 
species; and
3. it may be a relatively unstable property of a strain which is frequently lost 
during inappropriate subculturing techniques in laboratory culture.
The pathways of mycotoxin biosynthesis have been recently and exten­
sively reviewed [23] and, although the number of fundamental pathways is 
small, the diversification along these pathways is considerable. Added to the 
enormous diversity of the end products of the polyketide, diketopiperazine 
and mevalonate pathways is the possibility that secondary metabolites may 
arise from a combination of these fundamental pathways (Fig. 8.2 overleaf).
8.3 FACTORS IN FLU EN C IN G  M YCOTOXIN PRO DUCTIO N
Tt is still not possible to provide a biological role for the production of 
mycotoxins from the moulds’ point of view, although Ciegler has reviewed a 
number of interesting speculations [24]. Mycotoxins must be viewed as a 
subset of secondary metabolites, and hence as products of secondary metabo­
lism, and may be thought of as an outward expression of biochemical 
differentiation. Biochemical differentiation, in its turn, may be a necessary 
component of the processes of morphological differentiation, or morpho­
genesis, leading to the formation of spores, sclerotia and other differen­
tiated structures. Like morphogenesis, secondary metabolite formation is 
very sensitive to a wide range of environmental, chemical and biological 
factors, and this sensitivity is the major topic of this Chapter.
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Fig. 8.2: Pathways leading from the pool of intermediates to the biosynthesis of
mycotoxins.
8.3.1 Physical factors
The fundamental environmental parameters, temperature and water poten­
tial, interact strongly in their effects on the germination of fungal spores, 
growth of mycelium, and production of reproductive propagules [19, 20]. In 
general, these parameters interact so that suboptimal values of one parameter 
reduce the range of the other parameter over which growth, and other 
activities, may occur. It is also usual that those conditions supporting toxin 
production are more restricted than those supporting growth. In a recent 
study on the growth and aflatoxin production of Aspergillus flavus in wheat 
and barley [25] it was shown that, at a water activity (aw) of 0.825, very low  
levels (8-14 ppb [parts per 109]) of aflatoxin were produced at 30-35°C, but 
at no other temperatures, whereas at aw =  0.975 aflatoxin production 
occurred at temperatures as low as 15°C (33 ppb), although maximum
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production was at 30°C (20, 104 ppb). Lillehoj [26] has reviewed the 
influence of these and other factors on aflatoxin contamination of maize.
Ionising radiation has been used to kill microorganisms in such commo­
dities as pharmaceutical products and laboratory and hospital equipment for 
many years, and although its use for reducing the microbial contamination of 
food is not generally'permitted in many countries at the present time, this is 
likely to change in the future. Studies carried out over 20 years ago 
demonstrated that gamma irradiation of animal feeds could protect, them 
from mould spoilage [27] and doses of 350 kxad were sufficient to inhibit 
Aspergillus growth. Because the irradiation of wheat had been sanctioned by 
the US Department of Agriculture at doses of 200 krad, a number of studies 
have been made on the possible influence that such irradiation might have on 
the behaviour of mycotoxigenic fungi. A number of studies have demon­
strated that cultures derived from irradiated spores of A. flavus and A. 
parasiticus may show enhanced toxin production [28]. Thus, although doses 
in excess of 400 krad completely inhibited the germination of A. flavus spores, 
cultures arising from spores irradiated, and possibly damaged but not killed, 
with 100-350 krad produced increased levels of aflatoxin [29]. A similar 
phenomenon has been observed in the case of ochratoxin production by A. 
ochraceus [30, 31]. These results demonstrate that although irradiation may 
have a useful place in the control of mould spoilage of foods and animal feeds, 
subsequent mishandling of such products may result in the growth of 
surviving mould propagules and eventual production of enhanced levels of 
mycotoxins.
8.3.2 Chemical factors
A wide range of chemicals may influence the metabolism of moulds, resulting 
in either inhibition or stimulation of mycotoxin formation. Low concentra­
tions (0.8% v/v) of widely used organic solvents such as benzene, acetone, 
dioxan, cyclohexane, ethyl acetate, ethanol and hexane, have been shown to 
enhance the production of aflatoxins by A. parasiticus [32].
Although some naturally produced acids, such as citric and lactic acids, 
may inhibit mycotoxin formation [33], a number of low molecular weight 
acids used as preservatives may have the reverse effect. Thus sorbic acid has 
been shown to stimulate the formation of aflatoxin Bt and the trichothecene 
T-2 toxin [34]. It is difficult to rationalise the relationship between the 
structure of a biocide and its effect on mycotoxin biosynthesis. In a study on 
the influence of a number of derivatives of benzoic acid, it was found that 
whereas the methyl and ethyl esters inhibit both growth and aflatoxin 
production, ethyl aminobenzoate also inhibited growth but stimulated the 
level of aflatoxin released into the medium [35].
There has been an increased interest in the storage of high moisture 
cereals. Preservation of this commodity depends partly on the production of 
a low pH by a lactic fermentation, or by the addition of acids such as acetic 
and propionic acids. The properly controlled use of such agents is very 
effective and the presence of 1% propionic acid completely inhibits the
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production of aflatoxin and ochratoxins in high moisture maize [36]. 
However, the two cases of aflatoxin production in high moisture cereals 
reported in countries where Aspergillus flavus and A. parasiticus would not be 
expected to present a problem (United Kingdom and Sweden), occurred in 
material which had been inadequately treated with propionic acid [37, 38]. In 
a study on the influence of propionic acid on the growth and aflatoxin 
production of A. flavus, it has clearly been shown that some concentrations of 
propionic acid, which partially inhibit growth, do indeed enhance aflatoxin 
production [39].
Antibiotics are not widely used in the food industry, but nisin is a natural 
constituent of many fermented milk products and its use is permitted in a 
number of foods. Although its presence in a culture of A. parasiticus initially 
inhibits both growth and aflatoxin formation, it has been shown that 
aflatoxin production is enhanced during the latter stages of incubation [40]. 
It would, however, seem unlikely that this particular mould and its toxic 
metabolites would be a problem in the type of foods to which nisin is added.
8.3.2.1 Agricultural biocides
There are relatively few reports of studies on the influence of biocides on the 
formation of mycotoxins. Although phosphine is a potent mammalian 
poison, it may be used as an insecticidal fumigant, being liberated in situ by 
the action of water on aluminium phosphide. In a study of the influence of the 
insecticidal treatment of wheat with phosphine and with carbon disulphide
[41], it has been demonstrated that both may enhance the level of aflatoxin 
produced by Aspergillus flavus and that phosphine may also increase the level 
of ochratoxin produced by A. ochraceus. If carbon disulphide is used as an 
insecticidal fumigant it may be mixed with carbon tetrachloride to reduce a 
fire hazard. Carbon tetrachloride itself has been shown to enhance aflatoxin 
formation [42] and it has been postulated that it may do so following the 
production of free radicals through an interaction with the N A D PH -cyto- 
chrome P-450 mixed function oxygenase present in the fungus. The biosyn­
thesis of the aflatoxins involves a number of oxidative cleavages of ring 
structures [23] and, in this context, it is of interest that the drug phenobarbi- 
tone, which is known to induce mixed function oxygenase activity, will en­
hance aflatoxin formation in A. parasiticus [43]. This observation was 
confirmed by Fanelli et al. [32] who also showed that phenobarbital 
significantly increased the already enhanced levels of aflatoxin produced in 
the presence of organic solvents.
In contrast with these fumigants, the widely used insecticide dichlorvos 
inhibits aflatoxin production at a very specific stage in the biosynthetic 
pathway to these metabolites from a decaketide precursor. This leads to the 
accumulation of versiconal acetate [44-46], an orange pigment, the charac­
terisation of which (Fig. 8.3) has been a very important stage in the 
elucidation of the biosynthetic pathway to the aflatoxins [23]. Dichlorvos 
has been used for the prevention of insect infestation of stored products and, 
being non-phytotoxic and non-persistent, it has also been used for crop
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Fig. 8.3: The role of dichlorvos in the inhibition of the biosynthesis o f aflatoxin.
protection, as well as being incorporated into animal feeds as an anthel- 
minthic. Dichlorvos was first shown to inhibit the formation of aflatoxin in 
wheat, maize, rice and groundnuts [47]. It has also been shown to inhibit the 
formation of zearalenone by Fusarium graminearum [48], citrinin by Penicil­
lium citrinum [49], patulin by P. urticae [50] and ochratoxin by Aspergillus 
ochraceus [51].
A number of other insecticides have been studied for their potential to 
influence mycotoxin production by moulds and, in general, they inhibit the 
formation of mycotoxins such as aflatoxin, citrinin and patulin (all examples 
of polyketide secondary metabolites) to a greater extent than they inhibit 
growth (Table 8.1 overleaf).
It might be expected that fungicides could have a more profound effect on 
mould metabolism than other biocides. Isoprothiolane is a systemic fungicide
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Table 8.2: Effect of pH on patulin and growth of Penicillium expansum in 
apple juice after 10 days stationary culture at 25°C [60].
Initial pH
log Patulin 
(hZ I-1)
Biomass 
(g per 50 ml flask)
2.8 2.3 0.34
3.0 2.2 0.40
3.2 2.39 0.35
3.4 4.90 0.54
3.6 4.45 0.48
3.8 4.69 0.42
4.0 2.95 0.62
which has been found to be very effective in the control of Pyricularia oryzae, 
the causative agent of rice blast disease. Because it is an inhibitor of chitin 
synthesis it effectively controls the population of plant hoppers as well. 
Yousef and Marth [53] have shown that its presence in cultures of Aspergillus 
parasiticus caused a significant increase in the specific productivity of 
aflatoxin biosynthesis. In contrast the same authors demonstrated that the 
food additive antioxidant, butylated hydroxyanisole, reduced specific pro­
ductivity.
The systemic fungicide tridemorph, which has proved to be particularly 
useful in the control of barley powdery mildew [54], has been shown to have 
a profound influence on the biosynthesis of the trichothecene mycotoxin T-2 
toxin by Fusarium sporotrichioides [55]. At low concentrations (6-8 ppm) it 
causes a slight, but significant and reproducible, enhancement of growth 
while considerably inhibiting the production of T-2 toxin. At higher concen­
trations (30-50 ppm), which inhibit growth by about 50% when assessed by 
dry weight, a significant stimulation of T-2 toxin has been demonstrated. 
Tridemorph is thought to act, at least in part, through its inhibition of 
ergosterol biosynthesis [56]. A number of fungicides, such as triarimol and 
Denmert®, inhibit the C-14 demethylation stage early in the biosynthesis of 
ergosterol [57], but tridemorph has been shown to inhibit the isomerisation 
of fecosterol which is much later in the biosynthetic pathway [58].
Studies of secondary metabolite production have to contend with the 
problems of reproducibility in experiments involving filamentous fungi. 
These experimental difficulties reflect the fact that all the interacting factors 
influencing growth and metabolism of the branching, anastomosing myce­
lium are not well understood [59]. Quite small changes in pH can influence 
patulin production by Penicillium expansum growing in apple juice (Table 
8.2) Relatively small changes in agitation rate were found to have a significant 
influence on T-2 toxin production by Fusarium sporotrichioides, and these 
could not be accounted for by the influence of shaker rate on biomass 
production (Table 8.3 overleaf). During a detailed study of the effects of 
sorbate and propionate on the growth and aflatoxin production of cultures
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Table 8.3: Interaction of agitation rate and tridemorph on growth and T-2 
toxin production by Fusarium sporotrichioides [55].
+50 ppmf
• Control tridemorph
Agitation 
(rev. min-1)
140 160 180 140 160 180
Dry wt
(mg per flask)
610 631 706 580 665 708
T-2 toxin 
(fig per flask)
572 735 898 2 382 3 143 3 933
Specific toxin
production (fig T-2 
per mg dry wt)
0.9 1.2 1.2 4.1 4.7 5.6
f  Parts per million.
derived from spores which had been sublethally damaged by heat or 
irradiation, Tsai et al. [61] pointed out that low inoculum levels per se give 
higher yields of aflatoxin and the effect of this phenomenon must be allowed 
for in assessing the activity of propagules surviving heat or irradiation 
treatment. '
A preliminary study of the effects of a number of biocides on T-2 toxin 
production has now been made in the authors’ laboratory. Carbendazim, 
which is amongst the most active antifungal agents against Fusarium, 
decreased toxin production more or less in relation to the decrease in growth, 
whereas zineb suppressed toxin production even at concentrations which had 
little effect on growth [62].
Fenpropimorph, which is a morpholine derivative thought to act against 
fungi in the same way as tridemorph, caused a significant enhancement of T-2 
toxin formation by F. sporotrichioides (NRRL 3299) during the early stages of 
growth. However, in experiments with another strain of the same species 
(NRRL 24631) this fungicide showed the same phenomenon as that already 
reported for tridemorph, i.e. inhibition of trichothecene biosynthesis at low  
concentrations of fungicide (10 ppm) and significant enhancement at higher 
concentrations (100 ppm).
Other biocides examined have included the fungicides fenarimol, proch- 
loraz, maneb, captafol, vinclozolin and propiconazole, as well as the herbi­
cides atrazine and Basagran DP® (a mixture of dichloroprop and bentazone). 
N one of these biocides showed any strking effect on the relationships between 
growth and toxin biosynthesis, although a number of phenomena were 
observed which require further study. Thus, for example, F. sporotrichioides 
NRRL 3299 produces diacetoxyscirpenol as well as T-2 toxin. Vinclozolin 
caused a very significant shift in the relative quantities of these two toxins in 
favour of diacetoxyscirpenol. These two toxins (Figs 8.2, 8.4) have identical
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structures with the exception of an additional acylated hydroxyl function in 
position 8 in the case of T-2 toxin. If hydroxylation of the 12,13-epoxytri- 
chothec-9-ene nucleus is sequential, it is possible that diacetoxyscirpenol is 
derived from an earlier precursor in the pathway leading to T-2 toxin and any 
biocide influencing the hydroxylation of the nucleus will influence the relative 
quantities of these two metabolites.
It will be apparent from the comments and observations made above that 
an understanding of the interactions between biocide activity and the growth 
and mycotoxigenic activity of moulds has not yet been achieved. On the other 
hand, it would seem very likely that any stress on the growing organism 
which mimics the arrival of the organism at stationary phase may enhance 
toxin formation relative to growth. On the other hand, biocides which have a 
very profound effect on the primary metabolism of a mould would be likely to 
reduce the availability of intermediates, such as acetyl coenzyme A and 
mevalonate, which are essential for the biosynthesis of mycotoxins.
833 Biological factors
It would be unusual for a single species of mould to be involved in the 
saprophytic spoilage of foods and animal feeds, although in the field there 
may be an increasing degree of specificity between the living plant and 
potentially pathogenic species of fungi. Inhibitory interactions have been 
demonstrated between moulds growing on the same substrate. Thus aflatoxin 
production by Aspergillus parasiticus has been shown to be inhibited by both
A. candidus and A. chevalieri [63, 64].
Several studies have reported on the inhibitory effect of A. niger on 
aflatoxin production. Of 13 species of fungi tested in one laboratory, only A  
niger and Trichoderma viride inhibited aflatoxin production in maize [65]. A. 
niger is not uncommon on groundnuts and it has been shown that, if it 
colonises groundnuts first, no aflatoxin is produced as a result of subsequent 
infection by A. flavus [66]. Detailed studies in the field have shown that these 
phenomena are not simply laboratory artefacts. Hill et al. [67] found that
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extensive fungal colonisation of apparently sound mature groundnuts can 
occur if the plant- has suffered drought stress. In those cases of multiple 
infections they showed that when the ratio of A. flavus to A. niger exceeded 
19:1 aflatoxin could be detected, but when the ratio was less than 9:1 no 
aflatoxin was present. Several hypotheses can account for these observations 
and they are not mutually exclusive. Competition may simply result in the 
replacement of A. flavus and A. parasiticus before they produce aflatoxin, or 
the competing species may metabolise aflatoxins as they are formed, or they 
may compete for a substrate required for aflatoxin production but not for 
growth.
There have been reports of enhanced mycotoxin production by mixed 
cultures, thus Penicillium purpurogenum and A. flavus growing together on 
maize produced increased quantities of aflatoxin compared with pure cul­
tures on the same substrate [68]. A number of well characterised mould 
metabolites have been shown to influence aflatoxin biosynthesis directly and, 
although they are in principle further examples of the influence of chemical 
agents on biosynthesis, they are included here to emphasise that their 
production may be one of the mechanisms by which mixed cultures influence 
mycotoxin production. Cerulenin, an epoxide of an unsaturated fatty acid 
amide produced by Acrocylindrium oryzae and Cephalosporium (=  Acre- 
monium) caerulens [69], T-2 toxin produced by Fusarium species [70] 
and rubratoxin B, a metabolite of Penicillium purpurogenum [71], have all 
been shown to increase the production of aflatoxin by A. parasiticus.
A number of plant metabolites are known to inhibit aflatoxin production, 
often by profoundly reducing the growth of the mould. Although maturing 
silks of maize are susceptible to infection by A. flavus, the younger stages of 
development are protected by the production of a number of volatile 
compounds which inhibit spore gemination. They include trans 2-hexenal, 
2,4-hexadienal, furfural, 1-nonanol and /1-ionone [72] and, of these, /?-ionone 
has been shown to inhibit growth and aflatoxin production by both A. flavus 
and A. parasiticus [73].
Compared with groundnuts and maize, the soybean is remarkably 
resistant to contamination with aflatoxin. Extraction of raw soybeans with 
hexane allowed the production of as much as 20 times as much aflatoxin as 
that produced on unextracted beans, but this level was still lower than those 
achieved on rice or maize [74]. Perhaps not surprisingly in view of their 
general antimicrobial activity, a number of spices have been shown to inhibit 
aflatoxin production [75].
8.4 FUTURE PROSPECTS FOR THE CONTROL OF 
MYCOTOXIN PRODUCTION
The increased understanding of the nature, origin and physiology of forma­
tion of mycotoxins since the dramatic incident referred to as turkey X disease 
in 1959 must have contributed to the control of mycotoxin contamination of
Sec. 8.4] Control of Mycotoxin Production 245
foods, and animal feeds. First seen as a storage problem, it was evident that 
improved quality of raw materials, coupled with improvement of storage and 
transport conditions, must reduce the incidence of mycotoxin contamination 
of foods. However, improved analytical techniques and stringent permissible 
limits imposed by industrial countries for mycotoxins such as aflatoxin often 
increased the problems for developing countries which usually had to retain 
poorer quality materials for their home markets in order to maintain their 
export markets.
The appreciation that mycotoxins such as aflatoxin, zearalenone and 
deoxynivalenol (=  vomitoxin Fig. 8.4) may be produced during growth and 
development of the crop, has led to a re-examination of the problems of 
control. In some situations it has been possible to change from crops 
susceptible to mycotoxin contamination, such as groundnuts and maize, to 
alternative crops such as soybeans, but this will not always be appropriate. 
The possibility exists that cultivars of susceptible crops could be bred for 
resistance, not just to infection by moulds such as Aspergillus flavus and A. 
parasiticus, but also for the inhibition of mycotoxin formation even in the 
event of mould infection. The factors associated with the inhibition of 
mycotoxin production in the field are likely to be complex and multifactorial 
and the genetics associated with such properties will be equally complex. 
Nevertheless, some advances in this programme have been reviewed both for 
groundnuts [761 and maize [77], although the difficulties have also been 
highlighted [78].
An alternative to mobilising the genetics of the host plant is to manipulate 
the genetics of the mycotoxigenic moulds. Bennett [79] has reviewed the 
present extent of understanding of the genetics of aflatoxin biosynthesis and 
has pointed out the problems of working with an anamorphic, or imperfect, 
species. It is well established that, even within each species, aflatoxin 
production is variable between isolates and a significant proportion of 
isolates are not aflatoxigenic. Even an initially toxigenic strain can readily 
lose this property during a programme of laboratory subculture.
An exciting observation recently reported has been the discovery that a 
non-toxigenic strain of Aspergillus flavus (NRRL 5565) contains within its 
cytoplasm a double stranded RNA virus, elimination of which with antiviral 
agents switches on the ability to produce aflatoxins [78]. This property can 
be switched off again by reinfection with a virus isolated from Penicillium 
chrysogenum. The possibilities thus exist that stable non-aflatoxigenic strains 
may be genetically engineered and, if they also have a high competitive 
capability, they could be used as biological control agents for replacing 
naturally occurring aflatoxigenic strains.
Although there would seem to be an increasing range of potentially useful 
measures for combating mycotoxin contamination in food we must, at the 
present time, depend on improvements in farm husbandry, continued im­
provements in postharvest treatment, storage and transport of commodities, 
and maintenance of a constant awareness of the possibility that mycotoxins 
may be introduced into human or animal food chains either directly or 
indirectly (Fig. 8.5 overleaf).
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BEHAVIODB OP A TOXIGENIC FUSARIUM 3P0R0TRTnHTOTDES IH LIQUID 
CULTURE.
J.H.Frank and H. 0. Moss ' .
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SUMMARY
A defined liquid medium has been developed which supports good 
trichothecene production without nutrient limitation. Growth of 
the mould in shake flasks is characterised and a selection of 
physical and nutritional factors which have been .found to 
influence the properties of the fermentation are discussed. The 
application of the culture method to investigation of the effects 
of biocides on trichothecene production is exampled.
INTRODUCTION
Attempts at tracing or anticipating outbreaks of trichothecene 
mycotoxicosis have been hampered by a lack of information relating 
toxin formation to mould growth. The relationship between mould 
growth and water availability is well established in grain 
(Christensen and Kaufman, 1969), however, toxin production may be 
partially independent of mould growth in toxigenic strains.
Early workers suggested that periods of low temperature were 
necessary for toxin production by Fu3arium spp. (Eugenio, et al., 
1970), in fact, Joffe and Yagen (1977) have suggested a 
relationship between harsh climatic conditions and the frequency
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in occurrence of toxigenic isolates. Many published accounts 
could be cited which establish a relationship between substrate 
composition and toxin formation often uncorrelated with the extent 
of growth and development of the mould on the substrate. In 
retrospect, the widespread use of undefined media has limited the 
usefullness of these data in light of studies such as Shannon et 
al (1980) who showed the genotype of the substrate (maize) to have 
a greater influence on toxin formation than the strain of 
toxigenic Fusarium employed. The precise interaction of 
nutritional and physical factors with the genetics of 
trichothecene production remains obscure, however, the principle 
that growth of toxigenic fusaria is not quantitatively 
proportional to toxin production appears to be proven by these 
studies. .
In order to study the influence of biocides on trichothecene 
formation, we have developed a defined medium and liquid culture 
method which produce rapid, uniform growth and toxin without 
imposing nutrient limitation. Although fermentation studies have 
often demonstrated a correlation between secondary metabolite 
formation and the exhaustion of a nutrient (Deoain, 1972), to 
apply such a severe treatment as nutrient limitation might be 
expected to conceal more subtle influences on toxin formation. 
Such a methodology also holds opportunities for the application of 
biocides of known specific activity to study control mechanisms of 
toxin formation by the same approach that has been applied so 
successfully in revealing control mechanisms of primary metabolism 
and photosynthesis.
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METHODS
Media
Long term.maintenance of Fusarium strains is by soil culture. 
Humus, 3and and clay are mixed in equal proportions and 
approximately 10 g portions are placed in vials to be autoclaved, 
incubated and re-autoclaved. They are then inoculated with about 
2ml of a spore suspension, incubated for about ten days and stored 
at 4°C. Working cultures are propagated from single spores on 
potato sucrose agar (Booth, 1977). The liquid medium was 
constructed on paper from the data of Borrow et al (1961) to 
produce about 20g/l of dry weight and to exhaust C-, N-, P-, K- 
and Mg- simultaneously (Table 1). In practice, it was found.that 
if the nitrogen -requirement was satisified either by glycine alone 
or by NH^NO^ alone, a proportion of the strains tested grew poorly 
but by using both compounds together good growth of all test 
strains was achieved. Ueno, et al (1975) had shown sucrose, which 
is not a reducing sugar and can be autoclaved with phosphate, to 
be a good substrate for toxin formation so this was used instead 
of glucose.
Table 1: B0RS0WS NUTRIENTS, M33IFIED (ENM)
Constituent z Nutrient Species m molal conc.
Sucrose 62.2 C- 173
Glycine 3.5 C-, N- 44, 44
3.5 NH4-N, NQj-N 44, 44
■w 2.0 K-. J>- 14.8, 14.8
HgSO^THjO 0.38 Mg-, S- 1.5, 1.5
Sorrow's micro-
nutrients 2 See Borrow, et al., (1961)
¥ 1000 -
pH adjusted to S.5 
50/250 ml Xlask; 25°C; 170 rpm; Light period as per daylight.
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Analysis
The mycelia were harvested and washed on tared Watman Mo1 filter 
papers by filtration in a Buchner funnel. The material was dried 
at 90°C to a constant weight, then homogenised and extracted for 
two days in chloroform. The insoluable portion was filtered off 
by gravity filtration in a fluted No1 filter and the chloroform 
evaporated in a tared round bottom flask on a rotary evaporator. 
This fraction is the mycelial lipid.
The c u l t u r e  e f f l u e n t  was trea t e d  w i t h  i n soluble 
polyvinylpyrrolidone and silica gel (about lg.each per 100ml), the 
pH adjusted to 7.5 and stirred'for 15-30 minutes. The effluent 
was then filtered through a glass fibre filter (Buchner 
filtration) and extracted with 2 x 15? by volume of chloroform : 
ethylacetate, 2 : 1. The lipid phase was filtered through a 
fluted phase separation paper overlain with anhydrous sodium 
sulphate. This fraction, when taken to dryness, represents the 
‘Crude Toxin*.
A 3 ml sample had been removed prior to this aqueous phase clean­
up and filtered through a 1.2 p  membrane filter for examination in 
the near UV.
The trichothecene analysis is effected by eluting the crude toxin 
in 1 ml of ethylacetate and drying a 33.4 jil subsample in a 
separate vial. This is then derivatised with 30 ul of BSTFA (H,0- 
bis(trimethysilyl)trifluoroacetimide) for 1 hour at 42°C and 
diluted to a total volume of 1 ml in ethylacetate. In this 
diluted form the sample is stable for at least three days. A 
Perkin-Elmer 8310 capillary gas-liquid chromograph fitted with an 
FID is used for analysis and either a BP-1 (OV-1 equivalent) or a 
BP-10 (OV-17 equivalent) of 12 m length is satisfactory for 
trichothecene analysis.
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RESULTS AHD DISCUSSION 
Observations on the fermentation
There is a definite, time dependent pattern of growth and 
development through the course of fermentation (Figure 1). 
Initially, the mould appears as small, not very numerous pellets 
which increase in size. At this point, after about 45 hrs, there 
is little filamentous growth, the pellets are 4-6 mm in diameter, 
’soft1 (i.e. of indefinite outline) and producing spores. 
Attached growth has begun to develop but neither the mycelium nor 
the culture effluent show any significant degree of pigmentation. 
It is likely that the multiplication in the number of pellets 
which begins now to occur is the result of the immediate 
germination of spores which are being produced in increasing 
numbers and some of which germinate in situ.
By 65 hours filamentous growth constitutes a significant 
proportion of the biomass and the average size of the pellets has 
been reduced to 2-3 mm, probably a direct result of the increase 
in particle concentration and the more severe particle/particle 
interaction causing fragmentation. The attached growth has a 
tendency to wash off the flask wall during this period and be 
replaced as a new band of growth develops. The old mat of 
attached growth rapidly breaks up once submerged. The developing 
filamentous growth produces a characteristic orange to pink 
pigmentation of the mycelium and the appearance of a yellow green 
colour in the culture effluent is also correlated with the 
development of filamentous growth. Toxin formation is, by now, 
well established and will reach it's maximum net accumulation by 
about 90 hrs.
The average size of the pellets continues to fall as filamentous 
growth predominates until, by 90 - 96 hours,there is only the 
filamentous and attached forms present. The attached growth has 
stabilised by this time and normally does not detach until 
senescence.
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FIGURE 1. Idealized ti:;ie course of F. sporotrichioides 
fermentation in shake flasks.
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Growth is logarithmic only at low biomass up to 4 or- 6 g/1 density 
at which point (about 50-55 hrs) the growth becomes linear with 
respect to time until some point at 95-100 hours. The slope and 
particularly the length of the lag period (taken as the x- 
intercept) varies somewhat, but the relationship of mg dry wt. vs. 
hours with an inoculation to a density of about 10^ spores/ml is 
y(mg) = 14.6X-559, ■ 1*2=0.93; x-intercept = 38 hrs. Interestingly, 
there appears to be an inverse relationship between inoculum
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density and the growth rate through the linear phase of growth at 
inoculum levels above 10^ spores/ml.
A parameter that is closely related to growth is pH. Initially 
the pH falls from 5.5 to a minimum of about 3.8, reverses and 
increases with biomass. The initial fall in pH may be due to 
rapid preferential uptake of ammonium and excretion of protons to 
maintain the cellular ionic balance. A relationship • between dry 
wt. and pH after the miniiaun pH has been reached is given by the 
expression: y(mg) = 201X-508, r2=0.91. The pH is more closely 
related to dry wt. than it is to the period of incubation.
Brain Growth
The discussion thus far has dealt with the normal case. 
Occasionally a flask does not follow this pattern and produces 
what we refer to as 'brain growth1, a single, large, slowly 
growing, smooth, unpigmented pellet. Usually there is little 
attached growth in such a flask. The cause as a matter of proof 
is particularly difficult to ascertain in a phenomenon which 
appears to be essentially unpredictable, however, from close 
observation of the process, it appears likely that 'brain growth' 
is associated with a failure of sporulation.
The initial population of 'soft' pellets has a tendency to 
coalesce which, if there is no generation of additional propagules 
to bring about fragmentation by particle/particle interaction, 
produces a single pellet. After a week's incubation or more, 
'brain growth* sometimes reverts and this is always initiated by 
the development of filamentous growth followed by the progressive 
fragmentation of the 'brain' pellet.
As to secondary products of this growth form, the characteristic 
pigments of both effluent and of the mycelium are not produced 
(although the near U-V peak is) and 'crude toxin', expressed in 
term3 of biomass production, is somewhat less than with normal 
growth. T-2 toxin expressed in the same form i3 usually 
significantly higher than normal.
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Agitation rate
The effect of agitation rate through the course of a fermentation 
is expressed dually through the mixing rate of nutrients, 
especially of oxygen, and through causing fragmentation, a process 
that can be likened to vegetative propagation. In the range 140- 
180 rpm (orbital 3haker) the yield of both biomass and toxin 
increases with agitation rate (figure 2), but the increase is not 
proportional, and the biomass specific yield of T-2 toxin is lower 
at 180 rpm. The full complexity of this relationship is not 
revealed except in the presence of an additional factor such as a 
biocide. It was found that if tridemorph is applied to the system 
at a growth inhibiting concentration, the biomass specific yield 
of T-2 toxin at 180 rpm is greater than at 140 rpm.
Figure 2. Effects of tridenorph (50 ppm active Ingredient) and agitation 
rate co grwoth and toxin formation by F. sporotrlchloldes.
____ dry wt.
• tridemorph 
O  control
_  3000
dry
mg/fl.
-  1000600 _
500
160140
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Caraaelization products
Although there is no reducing sugar in the formulation of BNM, 
slight browning of this medium during autoclaving suggests that 
some caramelization products are formed. If these unidentified 
products exert an influence on toxin production, differences in 
the autoclave cycle could lead to variability in results.
Two toxigenic representatives of the sporotrichiella section were 
incubated on once and twice autoclaved BNM, the latter being 
obviously discoloured. In neither case was there a significant 
effect on indicators of primary metabolic activity - growth, 
ergosterol content and mycelial lipid (Table 2 ) . The toxigenicity 
of F. sporotrichioides NRRL 3299  might have been slightly enhanced 
by the gross treatment of twice autoclaving but the enhancement is 
obvious with ATCC 2 4 6 3 1 .
Table 2. THE EFFECT OF CARAMELIZATION PRODUCTS ON F. sporotrichioides IN SHAKE FLASKS:
Autoclave
Treatment
Final
p»
Dry wt. 
rrg/fl'.
C-;CI„ lipid 
mg/g
Ergosterol
tS/g
Crude toxin 
mg/g
T-2 toxin 
Pg/S
DAS
T-2
.NRRL 3299 
one cycle 5.7 557^ 96 33.8 7.3 8.9 2250 0.14
NRRL 3299 
two cycles 5.9 548^ 54 38.6 6.8 10.0 2750 0.14
ATCC 24631 
one cycle 6.0 614^ 83 47,9 5.7 9.0 2230 0.14
ATCC 24631 
two cycles 6.6 589^ 52 50.3 5.5 14.2 4380 0.11
Inherent variability of spore-lines
No perfect stage is known for F. sporotrichioides hence genetic 
exchange can only occur through anastomosis between mycelia. If a 
culture is produced from a single vegetative propagule ( a 
microconidium in this case), there should be very little variation 
between microconidia produced by this culture.
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To test this hypothesis ten single spore cultures, which had been 
derived from a single spore culture taken from a soil culture 
vihich had itself been inoculated with spores from a single spore 
culture, were used to inoculate ten sets of flasks, A comparison 
was established between one randomly chosen inoculum which was 
replicated fairly extensively, and the other nine spore-lines to 
test the expectation that the variability within a spore-line is 
no greater than that between spore-lines if all of the inocula 
were derived from a single propagule.
The data support the hypothesis (Table 3) when applied to primary 
metabolic activity but not when applied to toxin production. Dry 
weight* ergosterol content, mycelial lipid and fiAal pH all have 
smaller S.D. when all data are analysed together than if spore 
line 6 is analysed alone. This suggests that the spore-lines are 
replicate samples, the values being distributed around the same 
mean. With crude toxin and T-2 toxin, however, combining the data 
causes a large increase in S.D. suggesting the samples are not 
replicate with respect to toxin production.
Table 3. PERFORMANCE OF 'REPLICATE' SINGLE SPORE LINES OF F. sporotrichioides IN SHAKE FLASKS
Snorlation . 
snores xlO 
per plate
Spore
line
Final
pH
Dry wt. 
mg/fl.
CHQ- Lipid 
mg/e
Ergosterol
mg/e
Crude Toxin 
me/e
T-2 Toxin 
pg/g
DAS/
T-2
! 6A 6.5 783^ 112 30.5 5.7 11.1 3000 0.17
2.6 6B ■6.4 779-52 23.6 4.4 11 1940 0.25
I 6C 6.5 856-23 45.0 6.8 9.8 2640 0.18
3.7 (1) 6.9 853^ 2 42.2 6.5 12.1 2600 0.16
4.2 (2)* 6.1 649-256 32.6 5.2 7.5 1820 0.19
5.8 (3) 7.0 832-19 45.4 6.7 13.4 2130 0.14
3.5 (4) 6.S ■ 82617 56.2 8.1 13.1 1140 ■ 0.17
2.8 (5) 6.7 842-67 50.6 7.3 12.2 1410 0.19
2.7 (7) 6.2 710-99 38.1 6.3 13.7 3590 0.16
3.8 (8) 7.1 902-14 40.2 5.5 L L L
3.5 (9) 6.7 782-112 30.8 5.4 9.5 490 0.13
2.8 (10) 6.2. 743-68 43.7 7-2+ 9.2 2440 0.203.5-1.0 AIL 6.6-0.3 796-106 4019 6.3^ 1.0 11.2-2.0 2110-880 0.18
- (S) only 6.5 806-73 33=11 5.6-1.2 10.6-0.7 2530-540 0.20
- (2),(6) 6.740.3 811-62 43.4=8 6.6-0.9 11.9^ 1.8 1970-1040 0.16
excluded
* 1 flask in 3 developed 'brain growth'
* If the one flask of ’brain growth’ is omitted from the D.wt. 
data the S.D. is reduced from 13$ to 9$.
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Nutritional imbalance
As has been discussed, conditions of nutrient limitation have 
often been found to promote the production of secondary 
metabolites. Because BNM is a defined medium, it is possible to 
restrict each nutrient species in turn and examine the effect each 
nutrient has on toxin production (Table 4). Notice that the C/N 
ratio, per se, has less influence on toxin formation than does the 
form in which the N-requirement is supplied. Micronutrient 
limitation can cause an enhancement of toxin formation as can P- 
1imitation.
Table 4: THE EFFECT OF NUTRIENT LIMITATION ON F. sporotrichioides IN SHAKE FLASKS
Treatment Final Dry wt. CHC1- lipid Ergosterol Crude Toxin T-2 Toxin DAS/ T-2 toxin
pH irg/fl mg/g mg/g mg/g >«/g T-2 >ig/fl
BNM
Control 6.2 694-57 37.6 5.2 5.2 990 0.16
690
as Nil, 2.1 183-2 N.D. N.D. 37.3 9160 ' 0 1680
N/4 as NO, 7.3 633-28 127.9 10.3 4.0 190 0.13 120
as Gly 3.9 847-62 102.7 13.4 13.0 2590 0.11 2190
P/4 5.9 589-35 57.2 7.2 9.7 1780 0.11 1050
C/4 3.0 362-6 17.5 6.3, 6.0 940 0.12 340
U.NU/4
(-) Micronut.
4,5 370^ 37 95.1 11.3 10.9 3110 0.11 1150
S.6 172^ 6 N.D. N.D. 24.6 6240 0.19 1090
(-) »te 4.6 8 N.D. N.D. 66.7 1500 0 12
N.D. not determined
Because the function of specific essential nutrients is broad, it 
is not possible to interpret these results in detail but the data 
demonstrate the importance of the use of a nutritionally balanced 
medium in studying the effects of other non-nutritional factors on 
toxin formation. The principle that the response to a treatment 
is contingent, to a degree, on the method of culture, a principle 
which ha3 been demonstrated in the previous three sections, is of 
particular significance here. It would be surprising if, for 
instance, either agitation rate or tridemorph was found to produce 
the same relationship between growth and toxin production on 
N03/4 BNM as it has on BNM.
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Testing biocides for effects on toxin production
The methodology described above was developed as a laboratory 
method for investgating the effect of biocides on formation of 
trichothecenes bv Fusarium. The results of two such tests are 
given for the diethyldithiocarbamate fungicide maneb and the 
triazole herbicide atrazine in tables 5 and 6 respectively.
Table 5: MANEB: EFFECT OF THE BIOCIDE ON F. sportrichioides FERMENTATION TIME COURSE
Incubation Biocide conc. Final Dry Wt. T-2 toxin Specific T-2
period (ppm) pH irg/fl.ts.d. Ug/fl. pg/g d.wt.
\ 0 4.5 366^ 60 310 85069h { 0.8 3.9 152^ 40 45 300
78h ( 0 5.2 532^ 48
_
( 0.8 4.3 243-22 - - -
• I 0 6.5 829^ 14 1075 1300
98h } 0.8 6.0 531-66 980 1850
5 4 5.1 6 50 (8330)
167K 4 5.9 458^ 117 310 680
C 0 7.9 903^ 20 710 790
194h { 0.8 7.4 991-70 560 570
C 4 7.0 759-68 205 270
Table 6: ATRAZINE: EFFECT OF THE BIOCIDE ON F. sporotrichioides FERMENTATION TIME COURSE
- •
Incubation
period
Biocide conc. 
(ppn)
Final
PH
Dry wtt 
mg/fl.-s.d.
T-2 toxin 
yUE/fl.
Specific T-2 
fig/g d.wt.
( 0 4.8 410±93 490 1000
69h ! 10 4.9 473 345 730
( 100 4.3 290-85 120 410
( 0 6.6 806j29 __ _
94(1 ! 10 6.7 794jl4 _
( 100 6.5 775-9
( 0 6.9 875^ 24 1325 1510
lOlh f 10 6.6 866-89 490 570
{ 100 6.8 . 834-49 750 900
189tl ( 10. 7.9 928 305 330( 100 7.4 911-32 570 630
Whereas both biocides can depress toxin production more than they 
depress growth, their respective patterns of activity differ. In 
the case of maneb, the low dose treatment (0.8ppm) appears to 
delay rather than depress toxin production considering that 
biomas3 specific toxin is slightly greater than the control after 
98h. The high dose rate (4 ppm), however, caused a large
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decrease in toxin production. The growth data reveal that this 
fungicide is active both at spore germination, by the large 
increase in the length of the lag phase, but also during mycelial 
growth by the decrease in growth rate : Oppm, 15.8 mg/hr; 0.8 ppm, 
13*3 mg/hr; k ppm, 11.2 mg/hr.
Atrazine inhibits toxin formation to a much greater extent than it 
does growth. Interestingly, it shows a partial reversal of the 
toxin inhibition by the addition of more biocide. This response 
could be speculatively attributed to inhibition at two sites, one 
in the biosynthesis of T-2 toxin and the other in a pathway which 
utilises a common substrate (mevalonate for example) such that the 
T-2 pathway is more sensitive but is not completely inhibited 
allowing for a return toward the control situation at higher 
biocide concentrations where the competing pathway becomes 
inhibited. In fact, mycelial lipid is strongly inhibited at 100 
ppm of Atrazine. .
The efficacy of a laboratory method for studying response in a 
toxin producing biological system lies in the degree of control 
that can be exerted over the growth conditions. Equally, in order 
to survey a representative sample of the numerous agricultural 
biocides in current use, a laboratory assay which can be conducted 
with relative ease and rapidity is a practical necessity. . In 
concert with field trials applied to those biocides identified by 
the laboratory assay as being capable of inducing or repressing 
toxin production, a clearer picture of thi3 aspect of biocide 
useage should emerge.
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